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Zusammenfassung 
Zusammenfassung 
Die vorliegende Dissertation behandelt die Optimierung emes pelagischen Mesokosmen-
Systems zur quantitativen Messung von StoffflUssen im marinen Planktonokosystem. Die 
KOSMOS (Kiel Off-Shore Mesocosms for future Ocean Simulation) Mesokosmen sind 
transparente zylindrische Kunststoffsacke, in die reprasentative Unterproben des natiirlichen 
Planktonnahrungsnetzes eingeschlossen werden konnen. Neun einzelne robuste 
Schwimmkonstruktionen tragen die, je nach Experiment, 20 bis 25 m langen wasserdichten 
Sacke. Hierbei soll der produktivste Abschnitt der Oberflachenschicht abgedeckt werden. Die in 
dieser Dissertation prasentierten Daten wurden im Rahmen eines Experimentes zu den 
Auswirkungen der Ozeanversauerung <lurch anthropogene C02 Emissionen erhoben. Zur 
Simulation der Ozeanversauerung wurde <lurch abgestufte C02 Zugaben ein Gradient von 
derzeitigen zu zukiinftig prognostizierten Konzentrationen Uber die neun Mesokosmen erstellt. 
Ziel war es, KohlenstoffflUsse von C02 in planktische Biomasse und Uber sinkende Partikel in 
tiefere Wasserschichten zu verfolgen. Durch erhohte C02 Konzentrationen bedingte .Anderungen 
im biologischen Kohlenstofftransport konnten weitreichende Folgen fiir den Ozean als wichtige 
Senke fur anthropogenes C02 haben. Volle zeitlich aufgeloste Budgets der bioaktiven 
Hauptelemente Kohlenstoff, Stickstoff, Phosphor und Silizium wurden bisher noch nicht in 
marinen Planktongemeinschaften gemessen. Quantitative Daten zu StoffflUssen dieser Elemente 
stellen wichtige Verbindungselemente zwischen Okologie und Biogeochemie dar. 
In emer kurzen Einleitung wird der Versuchsansatz Mesokosmos sowie 
Realisierungsmoglichkeiten mit besonderem Augenmerk auf pelagische StoffflUsse anhand von 
Beispielen vorgestellt. Drei technisch methodische Publikationen, sowie eine darauf aufbauende 
Publikation der im Experiment gemessenen C02 bedingten KohlenstoffflUsse bilden den 
Hauptteil der Arbeit. Die erste technische Publikation beschreibt den Versuchsaufbau (2.1 ); die 
zweite Publikation beschreibt ein Verfahren zur genauen Messung der eingeschlossenen 
Wassermenge (2.2) und der dritte Artikel em Verfahren zur direkten Messung von 
Gasaustauschraten mit der Atmosphare (2.3). Genaue Kenntnis der C02 Gasaustauschraten ist 
nicht nur unabdinglich zur Bilanzierung von Kohlenstoff, sondem gleichfalls relevant fiir 
Fragestellungen betreffs der marinen Produktion klimarelevanter Spurengase. Auf die drei 
technischen Publikationen folgt eine bisher unpublizierte kurze Beschreibung des von uns 
entwickelten Verfahrens zur quantitativen Messung von SinkstoffflUssen. In dem ersten 
Experiment, in dem die beschriebenen Verfahren zum Einsatz gekommen sind, konnte bereits 
einige Erkenntnisse Uber StoffflUsse <lurch das Nahrungsnetz und in tiefere Wasserschichten 
gewonnen werden. Ein deutlich zutraglicher Einfluss erhohter C02 Konzentrationen auf das 
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Wachstum der zunachst bestandsbildenden Nano- und Picophytoplankter wurde nicht in Form 
messbar erhohter Sinkstoffraten umgesetzt. Die spater im Experiment stattfindende Blilte 
weitaus groBerer Diatomeen fiihrte sofort zu ansteigenden Sinkstoffflilssen. Das <lurch die 
vorausgehende Blilte bedingte Defizit an anorganischen Nahrstoffen fiihrte unter erhohter C02 
Konzentration jedoch zu verminderter Produktion von Diatomeen, welche womoglich selbst 
relativ unbeeinflusst von C02 wachsen. 
Neben wichtigen Erkenntnissen zeigte sich allerdings auch noch Verbesserungspotential des 
Versuchsaufbaus. Daher folgt eine Beschreibung der wichtigsten technischen Neuerungen, die 
aus diesem Experiment hervorgegangen sind. In einem Perspektivenparagraph werden 
Verbesserungsvorschlage zur Datenerhebung sow1e vielversprechende experimentelle 
Fragestellungen und Realisierungsmoglichkeiten in Bezug auf Tiefenwasserauftriebsereignisse 
in den Tropen vorgestellt. 
Summary 
Summary 
This thesis deals with the optimisation of a marine pelagic mesocosm set-up for quantitative 
measurement of biogeochemical fluxes of matter within plankton ecosystems. The KOSMOS 
(Kiel Off-Shore Mesocosms for future Ocean Simulation) mesocosms are cylindrical transparent 
plastic bags designed to enclose representative samples of the naturally occurring plankton food 
web. Nine independent, rugged flotation frames support the 20 to 25 m deep watertight bags -
depending on the specific experiment set-up - thereby covering the most productive part of the 
surface water layer. The data presented in this thesis were recorded in the context of an 
experiment designed to examine the effects of a projected future anthropogenic rise of aquatic 
C02 concentrations. This rise was simulated through graded addition of C02 across nine 
mesocosms. The objective was to trace natural carbon fluxes from the atmosphere into plankton 
biomass and via sinking of particles into deeper water layers. Changes in this biological carbon 
transport caused by increased C02 concentrations could have far-reaching consequences for the 
ocean in its function to naturally absorb large parts of the anthropogenic carbon emissions. 
Measuring the development of full budgets of carbon, nitrogen, phosphorus and silica over time 
in mesocosms of this size is unprecedented and could provide valuable quantitative data 
connecting ecology to biogeochemistry. 
In a short introduction, an outline of the mesocosm approach as well as implementation options 
with particular regard to pelagic fluxes will be presented on the basis of examples. Three 
technical publications and a publication discussing measured carbon fluxes and budgets in the 
Svalbard 2010 ocean acidification study constitute the body of the thesis. The first technical note 
describes the mesocosm set-up; while the second manuscript deals with the measurement of the 
enclosed water volume in flexible wall mesocosms. A technique for tracer-based estimates of gas 
exchange with the atmosphere is described in a third technical publication. A precise knowledge 
of gas exchange rates is not only a prerequisite for carbon budgeting, but also relevant for issues 
concerning marine production of climate relevant trace gases. These publications on mesocosm 
methodology are followed by a so far unpublished description of a technology for quantitative 
measurement of sediment samples, developed for KOSMOS. In the first experiment using the 
described tools, some insights into the role of ecology for biogeochemical fluxes of matter 
through the plankton food web and into deeper water layers have already been gained. A 
significant beneficial influence of increased C02 concentrations on the growth of pico- and 
nanophytoplankton was not translated into measurably increased sedimentation rates. At a later 
point in the experiment, the flourishing of much larger diatoms immediately resulted in increased 
sedimentation rates at low C02 concentration levels. However, under conditions of increased 
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C02 concentrations, the deficit of inorganic nutrients, caused by the preceding pico- and 
nanophytoplankton, reduced the production of diatoms, whose growth is presumably relatively 
unaffected by C02 levels. 
For all the important findings, there is still room for improvement of the experimental set-up. 
Therefore, a description of the most important technical improvements realised as a result of the 
2010 experiment is enclosed. In the section entitled "Perspectives", some thoughts on the 
improvement of data collection and analyses as well as promising experimental concepts and 




A mesocosm is an experimental enclosure containing more than two interacting species forming 
an ecosystem (Odum, 1984). The word "mesocosm" originates from the ancient Greek language 
and refers to the scale of a system. As a compromise between "cosmos" - the universe- and 
"microcosmos" - a small subunit of the universe - mesocosm describes a setup for controlled 
ecological experiments mimicking the field. From spatially defined field areas, through cages, to 
chemically isolated laboratory chemostats, the range of implementations of this concept seems 
endless (see book: "Enclosed Experimental Ecosystems" 2009). The common objective of 
mesocosm approaches is to provide experimental data on ecology within enclosed systems. 
Results of mesocosm experiments can form a basis for the extrapolation of physiological data on 
ecosystem components to natural communities observed in the field. As exchange of resources 
and biomass are restricted, transformations of matter become quantitatively traceable. Repeated 
sampling of precisely the same body of water is nearly impossible in aquatic field work, for 
oceanographers even more than for limnologists. Approaches to follow and re-sample ocean 
water masses using lagrangian drifters and chemical tracers ( e.g. Landry et al., 2009; Bakker et 
al., 2005) are limited in time to a few days. Temporal succession within a series of field 
measurements can, due to mixing processes, never be as quantitatively precise as within a closed 
system. Important hints for understanding key processes like primary production in the sea 
(McAllister et al., 1961), bentho-pelagic coupling (Smetacek et al., 1976) or the formation of fast 
sinking marine aggregates (Alldredge et al., 1995) could thus already be achieved by following 
the succession of a plankton community over time in one single mesocosm. The effect of 
physical or chemical influences on community succession can be tested in perturbation 
experiments by using a set of replicated mesocosms. Recommendations for experimental design 
of pelagic mesocosm C02 perturbation studies are given in Riebesell et al. (2010). 
Mesocosm experiments always represent a compromise between reality observed in the field and 
control and reproducibility achieved under laboratory conditions. Set-ups very close to the 
natural system might encounter a high level of variability and a large number of insufficiently 
determined variables, making obtained data in the end too complex to draw conclusions on many 
processes of interest. Highly controlled set-ups, on the other hand, premise a strong reduction of 
complexity and natural variability so that extrapolation of the described relationships to the 
natural system becomes questionable. 
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Observing natural communities in enclosures can be realised by simple means, however, the 
optimisation of a setup towards maximum realism at maximum control can become technically 
complex. 
1.2 Elemental budgets in plankton mesocosm research - a historical review 
Pelagic mesocosms have been an established tool in marine plankton research for more than 50 
years (Strickland et al. , 1969). Nevertheless, no standard protocols for mesocosm studies exist, 
nor even a common design of the enclosure. The diversity of shapes and sizes of in situ pelagic 
mesocosms similar to the enclosures being subject of this thesis is illustrated in Fig. 1.2. Beyond 
a well-reasoned choice of scale, all those designs are fitted to the specific type of question to be 
answered. Even more important in marine environments, however, is to construct a mesocosm 
that is durable enough to brave the elements for the duration of the planned experiment. For the 
following short review several designs of pelagic mesocosms were chosen, in size, research 
approach, or structure more or less directly comparable to the KOSMOS mesocosms. 
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Figure 1.2. Examples for various enclosure designs used as marine plankton mesocosms. All chosen 
examples are designed for research from plankton ecology to biogeochemical fluxes. a) "Large plastic 
bag" (113m 3) by Strickland and Terhune (1961). b) Seamless plastic tubes (4-40m 3} described by 
Brockmann (1992), shown in the free drifting flotation frame with bags of different length. c) Loch ewe 
enclosure (-100m 3) by Gamble et al. (1977). d) 0.25 CEE (-68m 3} and e) full size CEE (-1700m 3} as 
described by Menzel and Case (1977). f) KOSMOS (-50-80m 3} as described by Riebesell et al. (2013). 
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First reported results from marine plastic bag enclosures by Strickland and Terhune (1961) (1. 
2a) were published by McAllister et al. (1961) and Antia et al. (1963). One spherical bag 
equipped with a steering mechanism and pneumatic buoyancy compensation was filled with 
filtered seawater and inoculated with a natural phytoplankton community. Measurements of 
phytoplankton community composition and biogeochemical parameters were supplemented by a 
set of primary production estimates. In situ 14C uptake, oxygen production, pH change as well as 
particulate organic carbon and cell production were in good agreement within this well stirred 
gas-tight bag (Fig. 1.3). The experiments gave a first impression of community pnmary 
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Figure 1.3. Net production of carbon 
during a phytoplankton bloom in the 
large volume plastic sphere measured by 
five different methods (McAllister et al., 
1961). 
Around ten years later, the mesocosm initiative CEPEX (Controlled Ecosystem Pollution 
Experiments) initiated parallel development of mesocosms around the world. Within the centre 
of investigation were questions concerning ecological effects and residence time of contaminants 
like heavy metals and crude oil within coastal waters. The Scotch Loch Ewe mesocosms (Fig. 
1.2c; Gamble et al., 1977) were similar to the Strickland model tapered to the surface but, 
cylindrical in shape, they had the advantage of a linear representation of the light gradient within 
the euphotic zone. Instead of homogeneous mixing, a funnel-shaped bottom with a collecting cup 
for sediment sampling by scuba divers was attached. Full natural plankton communities were 
investigated including the simultaneous rearing of cod and herririg larvae as well as lobster 
inside the mesocosms. Budget calculations were performed in one of the first experimental trials 
(Gamble et al., 1977). Due to obvious leakage of most of the bags, rough budgets were only 
calculated for nitrogen in the least corrupted bag. Around 4% more N than added was found after 
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55 days of daily fertilisation. This result was surpnsmg, as strong wall growth, mentioned 
several times within the manuscript, should have absorbed large amounts of nutrients. 
In Germany, several types of mesocosms were developed between 1970 and 1990. Among those, 
the seamless polyethylene bags of Brockmann (1992) represented the most productive concept. 
Simple bulk stock 1 m diameter plastic sleeve was used in combination with various flotation 
devices. Several years of research within Heligoland harbour focussed on the production and 
consumption of dissolved organic substances as well as ecological consequences of pollution. 
The three-bag conuration as shown in Fig. l .2b was designed to perform drifting experiments 
within the North Sea. The POSER (Plankton Observation with Simultaneous Enclosures in 
Rosfjorden) project (Brockmann et al., 1983) used these seamless plastic tubes to compare 
results from bags of various dimensions. Elemental budgets could not be constructed because 
sinking material was neither extracted nor kept in suspension. Therefore, accumulation and 
remineralisation of material at the bottom of the enclosure represent an unknown exchange 
process. The Canadian CEE (Controled Ecosystem Enclosures) mesocosms (Fig. l.2d, e; 
Menzel and Case, 1977) were certainly the most impressive structures in the history of marine 
pelagic mesocosms. KOSMOS resembles CEE in many details; open top cylindrical bags with a 
bottom funnel forming a sediment trap that can be emptied through an extraction tube to the 
surface. CEEs were equipped with two to three layers of foil and Dacron to prevent failures due 
to bag damage, a permanent threat to flexible wall mesocosms. Absorption of large parts of the 
natural turbulence by these rather rigid walls was held responsible for falling out of larger 
phytoplankton in the beginning of the experiments (von Brockel, 1982). A test version of the 
CEE, 25% of the original size, (Fig. l .2d) was used for most studies due to the high costs and 
difficult handling of full size CEEs. One of the more elaborated nitrogen budgets within the 25% 
CEEs was published by Harrison et al. (1977). Calculations were based on nitrate additions, as 
well as measurements of particulate organic and dissolved inorganic nitrogen. Assuming a single 
pathway of nitrogen flow (inorganic N to particulate N to sediment), sedimentation was 
calculated by mass balance. Calculated sedimentation, that was sampled but could obviously not 
be measured, strongly resembled nitrate additions to the mesocosm. It was concluded that 
nitrogen export is a function of nitrogen input. Results merely document that nitrate added on a 
regular basis did not accumulate in the water column or in particles therein. Accumulation of 
dissolved organic nitrogen or wall growth featuring possible alternative nitrogen pools other than 
sediments were not discussed. Daily removed settled material was, also in later budget 
approaches (e.g. Hattori et al., 1980; Vadstein et al., 2012), at best qualitatively analysed. 
Examples where direct quantitative measurements of settled material were used for mesocosm 
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budget calculations could not be found. Reasons for the often problematic quantitative analyses 
of dense sediment samples are discussed in Section 2.4. 
In a critical review article, Banse (1982) indicated the general shortage of studies evaluating 
elemental budgets. This critical point was picked up in a review by Brockmann (1990) who 
attributed it to a lack of interdisciplinary expertise needed to determine all the parameters within 
the same experiment. Still, substantial amounts of useful data, which could not be obtained by 
other means, were produced using mesocosms. Not only were the effects of pollutants on 
plankton ecology and production described, but important interactions within the planktonic food 
web in general could be quantified (Lalli, 1990). As one of the overall results, it was found that 
enclosed ecosystems reacted often far more sensitively to chemical perturbations than could be 
expected from single species lab experiments (Kuiper, 1982). Those responses are often initiated 
by shifts in species composition, which cannot be realistically represented within lab 
experiments on one or few species. Most mesocosm experiments since the 1980s focussed on 
ecological and biogeochemical interactions within parts of the enclosed ecosystem rather than on 
full elemental budgets. An overview of currently operating mesocosm facilities and their 
research focus is given on the homepage ofMESOAQUA (mesocosm.eu). Some facilities have a 
long tradition in flexible bag mesocosm experiments; the Bergen-Espegrend mesocosm facility is 
performing experiments on a regular basis since 1978. Recently the impact of atmospheric dust 
deposition on carbon export in the oligotrophic Mediterranean was investigated using the "large 
clean mesocosms" (Guieu et al., 2013). The influence of dust ballast on aggregate formation and 
sinking was described by sediment carbon measurements as well as in situ optical instruments 
without applying a carbon budget approach. A clear correlation of dust input to export was 
shown, but the origin of the carbon exported from the mesocosms remains unclear (Bressac et 
al., 2013). A comprehensive experiment focussing on ecosystem carbon and nutrient flows using 
seven 40m3 mesocosm bags was performed in Hopavagen lagoon close to Trondheim/Norway in 
1997 (Vadstein et al., 2012; Olsen et al., 2007). Although many components of the carbon 
budget ( e.g. inorganic carbon, sedimentation and gas exchange) were not directly measured, 
plausible elemental fluxes and budgets could be determined by mass balance and measured 
stoichiometry. Inverse modeling was combined with differential measurement of particulate 
matter and metabolic rates within four size fractions. A sophisticated sampling protocol 
harmonized with modeling allowed for presentation of plenty of metabolic rates that can, in 










..,,. :i. 0 • 
DIC IJl'.Ol(a: j DIC n,l..a5: ,.. DOC fQ!easQ: .J DOC uptake: ....J 
Measur9d uptake: J> Measm,d Slldimentation~ 
Introduction 
Figure 1.4. Flow network for inverse mesocosm 
ecosystem mode ling from Vadstein et al. (2012) 1s 
fitted to a size fractionated data acquisition protocol. 
Abbreviations: DIC-dissolved inorganic carbon, DOC-
dissolved organic carbon, DIN I DIP-dissolved 
inorganic nitrogen I phosphorus, DON I DOP-dissolved 
organic nitrogen I phosphorus, DeN I DeP I DeC-
detritus nitrogen I phosphorus I carbon, SeN I SeP I 
SeC-sediment nitrogen I phosphorus I carbon, COP-
copepods, CIL-ciliates, BAC-bacteria. 
Whether more complete data coverage, also reducing the number of adjustable variables, would 
have increased capabilities of the model remains questionable. Measurement of carbon budgets, 
however, was not performed within large mesocosms until recently, when the transport of man-
made atmospheric C02 by the biological carbon pump became a relevant research question. For 
the first time inorganic carbon concentrations were measured in large marine ecosystem 
experiments. Carbon mass balance calculations for experiments in shallow mesocosm bags in 
Bergen-Espegrend were used to draw conclusions on carbon export at future C02 levels 
(reviewed in Riebesell et al., 2008). Increased carbon loss from the budget at high C02 
concentrations was thought to originate from polymerisation of exudates from C02 fertilised 
phytoplankton, leading to a measured increase in carbon content of the sedimenting material 
(Delille et al. , 2005). This promising Bergen carbon budget approach would have profited from 
quantitative sediment sampling, as well as from data-based estimates for air-sea gas exchange. 
These first ocean acidification plankton mesocosm experiments acted as an impulse for the 
development of the methodology presented in this thesis. 
1.3 The choice of scale 
Scale is an integral feature in the definition of a mesocosm, representing a unit larger than a 
microcosm but smaller than a whole biotope. Depending on the size, behaviour, and generation 
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time of organisms studied, mesocosm experiments need appropriate spatial, structural and 
temporal dimensions in order to produce data applicable to the natural system (Petersen et al. , 
1999). Improving realism of experimental ecosystems can be achieved by increasing size and 
complexity. This is not only restricted by technical and financial limits, but also by the effort 
needed to gain sufficient data for description of the system. 
Plankton communities in pelagic mesocosms are mainly composed of relatively small organisms 
with relatively short generation times (days to months). Additionally, the pelagial seems to be 
homogeneous and more or less unstructured compared to terrestrial or benthic habitats. 
Accordingly, it should be principally easy to enclose a relatively complete plankton ecosystem 
for a sufficient period to observe ecological and biogeochemical processes under realistic 
conditions. Yet, a closer second look shows that this is only partly true. The enclosure itself, 
necessarily a rigid structure, constitutes a major perturbation to the pelagic system. The walls of 
the mesocosm provide habitat for benthic species that compete with plankton (Chen et al., 1997). 
Inner walls of previous flexible wall mesocosms could generally not be cleaned. This procedure, 
which is standard for many rigid land-based mesocosms (see book: "Enclosed Experimental 
Ecosystems", 2009), is a basic prerequisite for budget calculations with an experimental duration 
of several weeks. Small-scale turbulence and large-scale convection, structuring the natural 
habitat of planktonic organisms, are significantly changed compared to open waters due to 
energy dissipation by the walls (von Brockel, 1982). Especially in shallow set-ups, turbulence 
has to be deliberately generated to keep cells in suspension (reviewed by Sanford, 1997). The 
most efficient way of reducing wall artefacts is again by increasing the volume of the enclosure 
to decrease relative wall surface. 
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Figure 1.5. Box plots of mesocosm volume versus a) replicates per treatment b) and number of 
treatments. Data are sampled of 266 published papers on aquatic mesocosm research. Median values are 
represented by the bar within the box and the interquartile range by the top and bottom of the box. 
Whiskers represent data range within 1.5 times the interquartile, data outside this range are marked by 
asterisks. Plot modified from Petersen et al. (1999). 
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Due to increased costs and effort at increased size, the number of replicates is inversely related to 
mesocosm size, with negative effect on confidence in the findings (Petersen et al., 1999). 
MEERC (Multiscale Experimental Ecosystem Research Centre) invested more than a decade to 
test scale-related theory, to improve experimental design and to develop rules and tools for 
extrapolation from experiments to nature. Results mainly achieved within land-based pelagic, 
benthic as well as salt marsh ecosystem enclosures are summarised in the Book "Enclosed 
Experimental Ecosystems and Scale: Tools for Understanding and Managing Coastal 
Ecosystems" (2009). 
Besides turbulence, another structural feature relevant for deep pelagic mesocosm systems is 
horizontal stratification. Density gradients depict horizontal borders to the pelagic communities 
in the water column, mostly connected to chemical and physical gradients of the stratified water 
body. The upper mixed surface layer encounters the euphotic zone, where light is sufficiently 
available for photosynthetic primary production. Covering the entire euphotic zone with a 
pelagic mesocosm experiment enables estimating ocean primary production. While it is 
technically feasible to cover more than the eutrophic zone with less than 20 m long bags in turbid 
productive waters, the extension of the entire euphotic zone is usually beyond the reach of 
mesocosm instrumentation in oligotrophic waters. Theoretical considerations for the design of 
CEE in-situ pelagic mesocosms considered 1.3 times the depth of the euphotic zone as an 
optimal extension of an experimental unit (Menzel and Case, 1977). The design culminated in 
the construction of 29 m deep and 10 m wide mesocosms with a volume of 1700 m3 (Fig. 1.2e ). 
Additionally to vertical gradients also found in more narrow tubes, significant horizontal 
inhomogeneity was observed at 10 m diameter (Takahashi et al., 1975; Grice et al., 1977). A 
maximum of three mesocosms without replication was used within one experiment. Due to the 
large effort connected to a set-up of these dimensions, most published CEPEX studies (reviewed 
by Brockmann, 1990) report results from CEE mesocosms much smaller than these optimal 
dimensions. During POSER, Brockmann et al. (1983) compared phytoplankton and zooplankton 
succession in 1-2 m3 and parallel bags of much larger dimensions. However, sinking flux lead to 
nutrient depletion in the surface layer within longer bags after a while, whereas growth in shorter 
bags was fuelled by remineralised nutrients (Kuiper, 1977). This principle applies mainly to 
simple bag constructions, where sinking material is not extracted during the experiment. A few 
m3 was claimed to be sufficient to reproduce succession within size classes up to microplankton 
on short timescales. Introduction of carnivorous zooplankton like fish larvae poses additional 
requirements on the minimum volume of the experimental units (Kuiper, 1982). In this case the 
minimum size is given by the need to hold representative stock sizes of the larger animals as well 
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as their prey. Stock sizes have to be sufficiently large to enable representative sampling. In most 
experiments the number of trophic levels is reduced by removing large mesozooplankton or 
nekton. 
Physical perturbations like temperature, light, turbulence or stratification, are for technical 
reasons mostly confined to land-based set-ups, whereas in situ pelagic mesocosms have been 
widely used to study chemical perturbations. The influence of anthropogenic impact on coastal 
communities due to increased nutrient runoff, atmospheric deposition, pollution by oil spills and 
especially heavy metals have been intensively studied in large mesocosm projects (Grice and 
Reeve, 1982). Most perturbation studies are targeted to detect thresholds of anthropogenic 
influence below which original biodiversity is widely preserved. Knowledge of these thresholds 
is necessary for policy makers to restrict emissions. Unfortunately, cost-intensive research such 
as mesocosm experiments become possible only once ecosystem services like fish yield and 
seaside recreational value or even the oceans' capacity as a dumping ground for toxic waste are 
endangered. 
1.4 Thesis outline 
This thesis documents the on-going technical development of a pelagic mesocosm system for 
quantitative measurement of biogeochemical fluxes. To date our investigations mainly focussed 
on testing the effect of projected future elevated aquatic C02 concentrations on carbon fluxes 
within plankton communities. The objective was to gain understanding of mechanisms and rates 
of conversion of dissolved inorganic carbon and nutrients into sinking particles or dissolved 
organics by a plankton community. The export of matter into deep waters is not only a function 
of photosynthetic production of particles, but depends much on the type of particles as well as 
their processing by the community. Especially within the context of man-made perturbation of 
global carbon cycles, the need of principle understanding of ocean carbon transport is urgently 
needed to ascertain projections of future global change. While hints from single ecosystem 
components tested are already abundant, integrated community experiments are rare. KOSMOS 
is a unique mobile platform for whole community experiments, applicable in most ocean regions. 
The KOSMOS mesocosms were often referred to as "giant test tubes". Within this thesis an 
approach to observe reactants and products of a biological reaction within mesocosms is 
presented. A quantitative budgeting approach in mesocosms is a simple and obvious idea, often 
thought but hardly ever published. Following articles describe methods and first data on 
mesocosm carbon budgets within KOSMOS mesocosms. 
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Technical Note: A mobile sea-going mesocosm system - new opportunities for ocean 
change research 
To meet the specific requirements for investigation of this global scale biogeochemical issue a 
specific mesocosm was designed. Other than eutrophication or pollution being relevant 
predominantly on a regional scale in coastal waters, ocean acidification is equally occurring in 
offshore waters far from human activity. The previously mentioned mesocosms (Fig. 1.1) are not 
suitable for unsheltered regions where swell or waves might occur. They were mostly operated 
on fixed locations within bays close to the operating research facilities. The mobile KOSMOS 
system is designed for moored or free drifting deployment from mid-size research vessels to 
achieve data covering a variety of locally different ecosystems. Constructional features making 
the set-up withstand waves up to two meters were continuously improved within the last five 
years and open relevant marine areas for research previously inaccessible to mesocosms. 
Strategies to reduce bio fouling on the mesocosm surfaces enable long term studies. In bringing 
together scientists from a wide variety of research disciplines achieved datasets comprehensively 
describing chemical and biological processes. 
With the focus on biological carbon sequestration, net community production and the export of 
organic particles are central variables. To account for the direct quantitative observation of 
inorganic matter input and organic matter output of the plankton system, several analytical 
methods were developed, adapted or improved. 
Technical Note: The determination of enclosed water volume in large flexible-wall 
mesocosms "KOSMOS" 
Manuscript 2.2 describes a precise method for determination of the enclosed water volume, 
showing that equally manufactured and filled KOSMOS bags vary in volume by up to 8%. The 
volume of the reaction vessel has to be precisely known to allow quantitative comparison of 
measured fluxes to aquatic standing stocks of carbon and relevant nutrients like nitrogen, 
phosphorus and silica. Volume estimates relied on pumping rates during filling within published 
mass balance calculations. For KOSMOS mesocosms, filled by enclosing a water column, 
geometric calculations based on the intended shape and dimensions were used. Even in case the 
intended shape of the submerged bag is approximately achieved, there might be considerable 
variability in the enclosed water volume within a flexible bag. 
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Technical Note: A simple method for air-sea gas exchange measurements in mesocosms 
and its application in carbon budgeting 
Publication 2.3 describes a newly developed method to directly determine gas exchange 
velocities and compares the results to relevant literature values. Whereas in earlier mesocosm 
studies dissolved inorganic carbon (DIC) was generally not measured, in some more recent 
experiments mesocosm integrated net community carbon uptake was calculated on the basis of 
changes in DIC and C02 gas exchange. It could be shown that laboratory or field derived 
parameterisations can not readily be used to calculate mesocosm gas exchange. Robust estimates 
of net community carbon uptake can be however derived using direct tracer measurements to 
estimate C02 air sea exchange. 
Sediment sample processing 
A description of sediment sample processmg elaborated for the KOSMOS mesocosms is 
described in Section 2.4. In the KOSMOS set-up, the whole enclosure is funnel shaped on the 
bottom end, so that all sinking material is collected. The material can be easily sampled from the 
surface at any interval using a tube connecting the funnel tip with the water surface. Frequent 
sinking flux measurements allow for the detection of sedimentation events, analyses of sediment 
composition unspoiled by degradation and the calculation of elemental budgets for each 
sampling day. 
Implications of elevated C02 on pelagic carbon fluxes in an Arctic mesocosm study - an 
elemental mass balance approach 
Publication 2.5 presents data on carbon and nutrient budgets from a high Arctic Ocean 
acidification experiment. Applying the presented methods, a comprehensive dataset could be 
produced describing the effects of elevated aquatic C02 on elemental cycling within the enclosed 
ecosystem. Fertilising C02 effects on picoplankton significantly affected carbon and nutrient 
fluxes within the water column. Increased production of these small algae however, did not 
result in increased export of sinking particles but in accumulation of dissolved organics. 
Increased nutrient consumption as a consequence of C02 fertilised production resulted in 
significantly reduced export of diatom aggregates later in the experiment. The presented dataset 
underlines the important role of plankton succession and trophic interaction in modifying the 
consequences of physiological responses on the ecosystem level. 
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In Section 3, the improvements of the KOSMOS system after the 2010 Svalbard experiment are 
discussed. Most importantly instrumentation that allows preventing relevant wall growth by 
regular cleaning of the inside walls is presented. Furthermore, the bottom construction was 
improved for more efficient sediment and water column sampling. Gas exchange estimates have 
been improved using more sophisticated sampling protocols and online measurement of physical 
boundary conditions. Furthermore, mesocosm methods were developed to observe and retrieve 
large animals like juvenile fish, being present in very low numbers. 
In the Perspective Section 4, the determination of general biogeochemical patterns and universal 
mechanisms from mesocosm research is discussed. Hypotheses and questions for future 
experiments focussing on biogeochemistry in tropical upwelling events are presented, together 
with a concept for technical realisation of upwelling experiments. 
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Table 1. Record of all "KOSMOS" mesocosm deployments conducted so 
far. 
Month Project Aim exp. days Location Objective Deplo)ment mode 
July 2008 SOPRANI E,;perirnen t 10 BomholmSea Cyanobacterial blooms Free drifting 
and ocean acidification 
Mooring,bag 
January-February IFM-GEOMAR Test deployment 30 Kiel Bight construction and Moored 2011 bottom closing 
mechanisms 
May2009 IFM-GEOMAR E,;perirnent 14 Kiel Bight Spring bloom and Moored 
ocean acidification 
Towing tests, mooring, 
diving equipment, 
November 2009 IFM-GEOMAR Test deployment 14 Riigen and Kiel sediment processing, Moored Bight volume and gas 
exchange measurement 
and filling nets 
IFM-GEOMAR Large floating sediment March2010 IFM-GEOMAR Test deployment 7 Pier traps, volume Attached to pier 
measurement 
Kongsfjorden Plankton June- July 2010 EPOCA experiment 30 Svalbard bloom'pteropods and Moored 
ocean acidification 
New bottom flanges, 
25mdeep bags, volume 
January 2011 IFM-GEOMAR · Test deployment. 4 Flens burg fjord measurement, silicate Moored 
addition and surface 
layer sampling 
Plankton 
May -June 2011 SOPRANII E,;periment 30 Espegren bloom'coccolithophore Moored Norway s/pteropods and ocean 
acidification 
Oceanic free drifting 
Pacific near test, high temperature December 2011 BAG-I E,;periment 10 Hawaii gas exchange, plankton Free drifting 
bloom and artificial 
nutrient input 
June-August 2012 SOPRANII E,;periment 40 Tvanninne Cyanobacterial blooms Moored Finland and ocean acidification 
Spring bloom 
development until 
January-July 2013 BIOACID2 E,;perimen t 120 Kristine berg summer and Moored Sweden phytoplankton 
adaptation to ocean 
acidification 
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Abstract. One of the great challenges in ocean change re-
search is to understand and forecast the effects of envi-
ronmental changes on pelagic communities and the associ-
ated impacts on biogeochemical cycling. Mesocosms, exper-
imental enclosures designed to approximate natural condi-
tions, and in which environmental factors can be manipulated 
and closely monitored, provide a powerful tool to close the 
gap between small-scale laboratory experiments and obser-
vational and correlative approaches applied in field surveys. 
Existing pelagic mesocosm systems are stationary and/or re-
stricted to well-protected waters. To allow mesocosm exper-
imentation in a range of hydrographic conditions and in ar-
eas considered most sensitive to ocean change, we developed 
a mobile sea-going mesocosm facility, the Kiel Off-Shore 
Mesocosms for Future Ocean Simulations (KOSMOS). The 
KOSMOS platform, which can be transported and deployed 
by mid-sized research vessels, is designed for operation in 
moored and free-floating mode under low to moderate wave 
conditions (up to 2.5 m wave heights). It encloses a water 
column 2m in diameter and 15 to 25m deep (~50--75m3 
in volume) without disrupting the vertical structure or dis-
turbing the enclosed plankton community. Several new de-
velopments in mesocosm design and operation were imple-
mented to (i) minimize differences in starting conditions be-
tween mesocosms, (ii) allow for extended experimental du-
ration, (iii) precisely determine the mesocosm volume, (iv) 
determine air-sea gas exchange, and (v) perform mass bal-
ance calculations. After multiple test runs in the Baltic Sea, 
which resulted in continuous improvement of the design and 
handling, the KOSMOS platform successfully completed its 
first full-scale experiment in the high Arctic off Svalbard 
(78°56.2'N, 11 °53.6' E) in June/July 2010. The study, which 
was conducted in the framework of the European Project 
on Ocean Acidification (EPOCA), focused on the effects of 
ocean acidification on a natural plankton community and its 
impacts on biogeochemical cycling and air-sea exchange of 
climate-relevant gases. This manuscript describes the meso-
cosm hardware, its deployment and handling, C02 manipu-
lation, sampling and cleaning, including some further mod-
ifications conducted based on the experiences gained during 
this study. 
1 Introduction 
Of the more than 260 scientific papers published until now 
on ocean acidification and its impacts on marine life less 
than 5 % have been conducted on communities or ecosys-
tems, with the vast majority of studies performed on indi-
vidual species (Gattuso and Hansson, 2011). Extrapolating 
from organism-based effects to community and ecosystem 
impacts is difficult, because the observed responses are typ-
ically obtained in the absence of competition, trophic inter-
actions, and with low or no genetic diversity (Riebesell and 
Tortell, 2011). For the same reasons parameterizations of bi-
ological processes in ecosystem and biogeochemical mod-
els based on physiological responses of individual organisms 
are problematic. In benthic systems, natural high C02 en-
vironments, such as C02-venting sites, provide a powerful 
test bed to assess effects of ocean acidification at the com-
munity and ecosystem level. Studies at volcanic C02 vents 
have revealed drastic changes in benthic community com-
position and biodiversity when compared to adjacent areas 
not exposed to high C02 (Barry et al., 2011 ). Because of 
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lateral advection and mixing of water masses, C02-venting 
sites generally do not provide useful testing grounds to study 
ocean acidification impacts on pelagic communities (Riebe-
sell, 2008). Oceanographic transects along natural C02 gra-
dients, e.g. from temperate to high-latitude waters (Char-
alampopoulou et al., 20 I 1) or from recently upwelled high-
C02 waters downstream towards lower-C02 waters (Beau-
fort et al., 2011 ), offer the opportunity for community-level 
comparisons. Because of the many other environmental fac-
tors varying in concert with C02, the interpretation of ob-
served biotic differences along those gradients is complex. 
For pelagic systems mesocosms provide a powerful ap-
proach to maintain a natural community under close-to-
natural self-sustaining conditions, taking into account rele-
vant aspects from "the real world" such as indirect effects, 
biological compensation and recovery, and ecosystem re-
silience, which commonly are not accounted for in small-
scale laboratory experiments (Riebesell et al., 2010). The 
mesocosm approach is therefore often considered the exper-
imental ecosystem closest to the "real world", without losing 
the advantage ofreliable reference conditions and replication (Petersen et al., 2003). The main advantages unique to meso-
cosm experimentation are as follows: 
1. The ability to investigate community dynamics of three 
or more levels for an extended period of time. 
2. The ability to measure the pools and fluxes ofbio-active 
and particle reactive elements and compounds and to 
perform mass balance calculations in complex systems. 
3. The ability to study interactions of ecosystem dynamics 
and biogeochemical processes under experimental con-
ditions. 
4. The ability to bring together scientists from a variety 
of disciplines, ranging from, e.g., molecular and evo-
lutionary biology, ecophysiology, marine ecology and 
biogeochemistry to marine and atmospheric chemistry. 
It needs to be acknowledged, however, that some constraints 
of enclosures are to be considered when extrapolating meso-
cosm results to natural systems (see Riebesell et al., 2010, 
for a review). Enclosures of all kinds are inherently lim-
ited in their ability to include higher trophic levels ( e.g. 
fish, seabirds and mammals), and to approximate vertical 
mixing of water column and small-scale shear occurring in 
nature (Menzel and Steele, 1978; Carpenter, 1996). Enclo-
sure effects may also influence food web dynamics to vary-
ing degrees, creating trophic interactions that can differ with 
mesocosm dimension and which may deviate from those of 
the natural system intended to be mimicked (Kuiper et al., 
1983; French and Watts, 1989, Petersen et al., 2009). Despite 
these difficulties and the intense debate they have spurred 
over the past decades (e.g. Pilson and Nixon, 1980; Brock-
mann, 1990; Drenner and Mazumber, 1999), mesocosm en-
closure studies still remain the most generally applicable 
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means to experimentally manipulate and repeatedly sample 
multi-trophic planktonic communities. 
Considering the wide range of topics in ocean change re-
search where mesocosm experimentation could greatly ad-
vance our science, there are surprisingly few marine meso-
cosm facilities in operation. Moreover, existing facilities are 
either stationary or confined to well-protected waters, lim-
iting their scope of application. Here we describe a newly 
developed sea-going mesocosm facility which can be used 
in moored and free-floating mode under low to moderate 
wave conditions (up to 2.5 m wave heights). The new design 
in combination with new developments in mesocosm han-
dling and sampling are intended to optimize mesocosm per-
formance, prolong the duration of mesocosm experiments, 
and perform mass balance calculations by accounting for all 
relevant pools and fluxes of elements and compounds of in-
terest. 
2 Material and methods 
Most of the following description relates to the 2010 exper-
iment off Svalbard. The corresponding sections are written 
in past tense. Some aspects of the mesocosm hardware and 
handling used in 2010 were modified in subsequent experi-
ments. To avoid providing detailed descriptions of the KOS-
MOS approach for each new experiment, we have included 
descriptions of those modifications in this manuscript. To 
distinguish between aspects specific for the 2010 experiment 
and those applicable to KOSMOS hardware and handling in 
general, we will use past tense in the case of the former and 
present tense for the latter. 
2.1 Mesocosm hardware 
The Kiel Off-Shore Mesocosms for Future Ocean Simula-
tions (KOSMOS) consist of9 mesocosm units, which are op-
erated independently. Each unit comprises a floatation frame, 
the mesocosm bag, a bottom shutter and sediment trap, a 
dome-shaped hood on top of the floatation frame, weights 
at the bottom of the floatation frame and the lower end of the 
bags to maintain an upright position when exposed to wind 
and wave activity, and various ropes needed for mesocosm 
operation. The total weight of each KOSMOS unit, including 
all components described below, is approximately 1.7 tons. 
2.2 Floatation frame 
The KOSMOS floatation frame consists of six 7.5 m-long, 
30 cm-diameter closed glass fibre tubes which are fixed to 
a steel structure in the lower part and by a steel metal ring 
at the top end. Steel weights are attached to the horizontal junctions at the bottom of the steel structure. The diameter 
of the glass fibre tubes, which generate the buoyancy, is re-
duced at and above the waterline to lower the up- and down-
ward movement of the floatation frame due to wave action. 
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Fig. 1. Drawing offloatation frame with steel structure (lower part), 
glass fibre tubes for buoyancy, and steel ring at top, holding the 
dome-shaped PVC hoods. The tapering of the tubes in the above-
surface section reduces buoyancy changes due to wave activity. Size 
indications in mm. 
A dome-shaped roof made of polyvinyl chloride (PVC) cov-
ered with metal spikes is mounted on top of the floatation 
frame to reduce precipitation into the mesocosms and pre-
vent seabirds from landing on the frame and defecating into 
the enclosures. The PCV foil has ea. 80 % light transparency 
in the spectral range > 400 nm wavelength. Below 400 nm 
the transparency strongly decreases, largely precluding the 
penetration of UV light. A flashlight with light sensor, solar 
panels and radar reflector is mounted on top of the frame, in-
tended to alert passing ships. A set of clamps on either side 
of the frame above the waterline serves to fix various ropes 
needed to unfold, fix and operate the mesocosm enclosures 
(see mesocosm filling below). At the time of deployment the 
mesocosm bag is folded in a pack positioned above the water 
line (as displayed in Fig. I). 
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2.3 Mesocosm bags 
The enclosure bags are made of thermoplastic polyurethane 
(TPU) with a thickness of 1 mm in the upper 7 m and 0.5 mm 
below that. The bag diameter is 2 m. The length of the bag 
can be selected according to the scientific question and the 
conditions at the deployment location. For the 20 I O exper-
iment a total length of 17 m, 2 m above and 15 m below 
the water line, with a volume of approximately 50 m3, was 
chosen. Follow-up experiments in the Raunefjord south of 
Bergen, Norway, in June/July 2011 used bag total lengths of 
25 m, and off Hawaii in November/December 2011 and in the 
Finnish archipelago off Tvarminne in June to August 2012 
19 m bag lengths. To maintain an approximately cylindrical 
shape of the mesocosm bags, rings of 2 m inner diameter 
made of 4 cm polyethylene pipes are positioned every 2 m in 
ring-shaped pockets made ofTPU foil fixed onto the outside 
of the enclosure bag by high-frequency welding (Fig. 2). 
Measurements of light intensities taken in parallel inside 
the mesocosms and outside in the fjord yielded similar sur-
face layer light intensities and similar depth profiles in the 
PAR spectrum (see also Schulz et al., 2013). Light trans-
parency measurements of the TPU foil revealed nearly 100 % 
absorbance of UV light. This together with the low light 
transparency below 400 nm of the PVC roof resulted in neg-
ligible UV light intensities inside the mesocosms. 
2.4 Bottom shutter and sediment trap 
At the bottom of the enclosure bag a steel ring holds two 
semi-circle plates made of 10 mm-thick Makrolon ®. The 
plates are in upright position to allow water to enter the meso-
cosm bags during the lowering and unfolding of the bags 
(Fig. 3, left panel). A 2 m-long funnel-shaped sediment trap 
with a mouth of the same diameter as the mesocosm bag is 
connected to one of the bottom lids. It is tightly folded and 
attached between the bottom plates and unfolds and stretches 
automatically through an air-filled ring at the upper end of the 
funnel immediately after the bottom plates are closed (Fig. 3, 
right panel). A silicon tube connects to the lower end of the 
funnel from below the bottom lids and extends to the wa-
ter surface on the outside of the mesocosms (Fig. 4). Mate-
rial collected in the sediment trap is regularly sampled via 
this tube, using a manual vacuum pump system. Process-
ing of the samples included sub-sampling for zooplankton 
counting, followed by concentrating the residual sediment 
material, freeze-drying, grinding and homogenizing for sub-
sequent chemical analysis. 
The sediment trap as described here created a "dead vol-
ume" underneath the funnel of approximately 8 % of the 
enclosure volume. Because this water gradually exchanged 
with the rest of the enclosed water over one to two days, 
there was a dilution effect after experimental manipulations 
such as C02 enrichment and nutrient addition. This com-
plicated determining precisely the start value of the applied 
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Fig. 2. Sketch offloatation frame with unfolded TPU enclosure bag; 
different colouring of the light-transparent bag indicates difference 
in TPU foil thickness: green, I mm; brown, 0.5 mm. The blue rip-
pled plane represents the water line. At the bottom of the bag above 
the bottom plate the funnel-shaped sediment trap is indicated. The 
red line extending from the tip of the sediment trap to the water 
surface represents the tube used for sampling of sedimented matter. 
manipulation. To avoid the dilution effect, a new sediment 
trap was designed after the 2010 campaign and applied in all 
later studies. This new trap is connected to the bottom of the 
mesocosm through a flange (Fig. 4). Mounted by divers after 
the filling of the bag, the trap closes off the mesocosm at the 
bottom end. 
2.5 Mooring and deployment 
The mesocosms can be operated in moored or free-floating 
mode. When moored, the mesocosms are deployed in groups 
of three at a distance of 30 to 50 m between mesocosm 
units (Fig. 5). Units of each group are connected to each 
other through ropes fixed to the floating frames at 2.5 m 
water depth. The groups are separated by approximately 
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Fig. 3. Sketches of bottom plate. Left: lids in upright position, as 
applied during filling of the enclosure bags. A removable net (grey 
shaded area) with a mesh size of 3 mm is mounted below the bottom 
ring. Each bottom plate is equipped with 8 screws for tightening 
the lids after closing. Right: bottom plate in closed position with 
unfolded sediment trap. 
( 
\ r I 
Fig. 4. Left: sketch of sediment trap used in 2011 and 2012 cam-
paigns. The funnel-shaped trap made of TPU foil is connected to 
the bottom of the enclosure bag via a flange (right panel). Note the 
tapering of the lowest section of the mesocosm bag. Sampling of 
sedimented matter is achieved via a silicon tube which connects to a 
5 L sampling flask and a hand-operated vacuum pump. Right: flange 
ring made of laminated fibreglass to attach the external sediment 
trap to the lower end of the enclosure bag. The upper ring (con-
nected to the bag) is equipped with steel weights to facilitate the 
sinking of the enclosure bag during mesocosm filling and to keep 
the bag in vertical position when exposed to currents. Bag and sed-
iment trap are fixed to the upper and lower flanges by stainless steel 
clamps pressing the TPU foil in notches. Upper and lower flanges 
are connected with eight screws and sealed with a silicon rubber 
fitting. 
50 m between each group and anchored on both ends with 
weights (1.2 tonnes) consisting of railway wheels. Buoys are 
mounted between mesocosms and the anchor weights to en-
sure that the downward pull generated by strong currents 
is absorbed by the buoys rather than acting directly on the 
mesocosms. When operated in moored mode, the water cur-
rents acting on the mesocosms should not exceed 0.5 knots 
to avoid strong vertical deflection of the mesocosm bags and 
wearing on the ropes. In free-floating mode, as applied in the 
2011 campaign off Hawaii, a drogue was connected to one 
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Fig. 5. Schematic drawing of the two modes of mesocosm opera-
tion: (a) mesocosms in moored mode in packs of three with anchor 
weight at each end as used in the Svalbard 2010 study; (b) meso-
cosms in free-floating mode connected to a weighted drogue hang-
ing from a buoy at 150 m water depth. This approach was first tested 
in the 2011 campaign off Hawaii. 
end of the three mesocosms. The weighted drogue was hang-
ing from a large buoy at 150 water depth and thereby was ex-
posed to water currents deviating from those at the surface. It 
served to generate a steady drag at one end of the mesocosm 
array in order to keep the mesocosms apart and in a straight 
line. In this mode there is no limit on the acceptable speed of 
water currents. 
2.6 Filling and closing 
The filling of the mesocosms started after all mesocosms 
were moored in position. For this the enclosure bags were 
untied at the bottom, allowing the weighted lower end of the 
bags to sink through the water column with open shutters un-
til the bags were completely unfolded. With this approach the 
mesocosms were filled with minimal disturbance of the en-
closed water body. To avoid capturing large organisms ( e.g. 
fish, jelly fish) a removable net with a mesh size of 3 mm 
was mounted across the bottom opening. Several teams were 
involved in filling the mesocosms in parallel in close suc-
cession to reduce the effect of changing water masses due 
to lateral advection during the filling process. Nevertheless, 
because the mesocosms were not all filled simultaneously 
and because of possible small-scale patchiness in the plank-
ton community (i.e. smaller than the distance between indi-
vidual mesocosms), there was a risk of differences between 
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enclosed water bodies in terms of seawater chemistry and 
plankton community abundance and composition. This could 
have caused large inter-mesocosm variability during the ex-
periment. To minimize differences in starting conditions be-
tween enclosed water bodies, the mesocosms were left open 
for free exchange with the surrounding water for 48 h after 
filling. For this the bottom shutters were kept open and the 
upper part of the bags lowered to 1.5 m below the water sur-
face with the top and bottom opening covered with a net of 
3 mm mesh size. Test runs during previous years with dyes 
injected into the mesocosms indicated that, depending on bag 
length and current speed, a complete exchange of the en-
closed water body occurs within 2-3 days. By gradually ex-
changing the enclosed and surrounding water masses, it is in-
sured that spatial patchiness is averaged out over time. While 
the mesocosms were open for water exchange, frequent mea-
surements were conducted for several chemical and biolog-
ical parameters to test for differences between mesocosms. 
The absence of detectable differences in these parameters 
was a precondition for mesocosm closing. 
The exchange between mesocosms and surrounding wa-
ter was terminated by lifting the upper parts of the bags 
above the surface and having divers close the bottom plates. 
At this point the top and bottom nets are removed. With 
the closing of the bottom shutters the sediment trap, folded 
and fixed between the two bottom plates, unfolds and 
rises through an air-filled ring until fully extended (Figs. 2 
and 3). The closing of the mesocosms marks the beginning 
of the experimental period. 
As described above, bottom plate and internal sediment 
trap were replaced by a flange-connected external sediment 
trap after the 20 I O campaign. In the following campaigns the 
sediment traps were put in place by divers after the full ex-
tension of the enclosure bags. In this new design the sed-
iment trap also has the function of closing off the bottom 
of the bags. The sediment trap is put in place in two steps: 
initially it is connected by a hinge integrated in the flange 
(see Fig. 7, left side of the flange). At this stage the sedi-
ment trap is hanging parallel to the mesocosm bag, held by 
the hinge and tied to the first support ring. In a second step 
(e.g. on the following day), divers turn the lower flange ring 
in horizontal position to fully connect with the upper flange 
ring, thereby expending the TPU foil forming the funnel of 
the sediment trap. The two flange rings are tightly connected 
by 8 screws. As before, the mesocosms are closed by divers 
after 2-3 days of open exchange between mesocosm and sur-
rounding water. After mounting of the sediment trap, three 5 
kg weights are mounted at its lower end to keep the funnel 
stretched. A hose connected to the bottom of the funnel and 
reaching above the water surface is used for sampling of the 
sedimented material (Fig. 4). 









Fig. 6. Schematic drawing of the setup used for the preparation of 
Co 2-enriched water. An electric outboard motor (a) continuously 
mixed the water in the 1.4 m3 polypropylene tank which was tightly 
closed by a lid (c).Two large aerating disks (b) produced fine bub-
bles ensuring relatively low gas consumption. After aeration, the 
Co2-enriched water was filled into 25 L polycarbonate carboys (d) 
for transport and quantitative addition into the mesocosms, using 
the "spider". 
2.7 C02 and nutrient manipulation 
C02 emichment was carried out by adding C02-emiched 
fjord water into the mesocosms. The addition of C02-
enriched seawater increases dissolved inorganic carbon 
(DIC) while leaving total alkalinity constant, perfectly mim-
icking on-going ocean acidification (cf. Schulz et al., 2009, 
Gattuso et al. , 2010). With 9 mesocosms available for this 
study, the choice was made to apply a C02 gradient with 8 
different C02 levels, duplicating only the ambient C02 con-
ditions without C02 manipulation ( considered as control). 
This approach involves the use ofregression statistics for as-
sessment of possible C02 effects. This choice was made for 
the following reasons: 
(a) Because of the low number of experimental units avail-
able and considering the risk of losing one or sev-
eral mesocosms (e.g. due to damage by ice floats), a 
C02-gradient approach carries a lower risk of failure 
compared to a replicated approach (e.g. 3 C02 treat-
ments with triplicates each) relying on ANOVA statis-
tics. 
(b) If there is a threshold level for any of the C02/pH sen-
sitive processes, a C02-gradient approach has a higher 
chance of detecting it. 
(c) With a C02-gradient approach the opportunity arises to 
include one or two C02 levels outside the range rec-
ommended for ocean acidification perturbation experi-
ments (Barry et al., 2010), which would be more diffi-
cult to justify if such extreme levels were replicated. 
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Fig. 7. Left: sketch of setup used for C02 manipulation. C02-
enriched water is pumped from 25 L carboys via a garden hose into 
the "spider", which is gradually moved up and down over the en-
tire length of the enclosure bag by manually heaving and hauling it 
via a pulley fixed above the centre of the enclosure bags underneath 
the hood. Right: the dispersion device ("spider") is composed of a 
polyoxymethylen body weighted with a 5 kg stainless steel stand. It 
has 84 jets (0 500 µm) of which 78 are equipped with elastic acryl 
branches of different lengths distributing the liquid evenly over a 
horizontal cross-section of the mesocosm. The diameter of the jets 
serves as a bottleneck, releasing"' 80 mL min- 1 of liquid dispensed 
through every jet irrespective of the length of the branch connected 
to it. 
( d) Although C02 manipulation is relatively straightfor-
ward, it is challenging to precisely achieve the targeted 
C02 levels. While critical in a replicated approach, in 
a C02-gradient approach deviations from the targeted 
C02 levels can be tolerated. 
It was decided to replicate the ambient C02 level ( control 
treatment) in order to minimize the risk of completing the 
experiment with no control in case of losing one or several 
mesocosm units. The different C02 levels were randomly 
interspersed among the 9 mesocosms ( cf. Riebesell et al. , 
2010). 
The C02-enriched seawater was prepared in a 1.4 m3 tank 
on land filled with filtered (pore size 20 µm) fjord water 
which was stirred by an electric propeller while aerated with 
pure C02 gas for approximately 24 h (Fig. 6). At this stage 
the C02 partial pressure in the water was close to saturation 
(pH~4.4). 
The DIC concentration in the C02-emiched water was cal-
culated based on measurements of total alkalinity, pH (pre-
sented in total scale unless stated otherwise), salinity and 
temperature, using the computer program C02SYS (Lewis 
and Wallace, 1997). Based on this the amount of C02-
enriched water needed to achieve the target pC02 levels 
in the different C02 treatments was calculated. The C02-
enriched water was filled into 25 L carboys and transported 
to the mesocosms. Depending on target pC02, between O 
and 320 L (see Schulz et al., 2013) of the C02-emiched sea-
water was injected into the mesocosms by means of a mem-
brane pump and a dispensing device (termed "spider"; Fig. 7, 
right panel). To achieve an even distribution of the C02-
enriched water throughout the mesocosms, the "spider" was 
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slowly moved up and down during the injection over the en-
tire length of the enclosure bags (Fig. 7, left panel). Verti-
cal pH profiles were conducted after C02 additions to check 
whether an even distribution was achieved. 
The injection of C02-enriched water was done in steps 
over 4 consecutive days starting in the afternoon of 6 June 
(t-1 ). Two mesocosms served as controls, while 7 meso-
cosms were manipulated to establish treatments of elevated 
pC02 with an initial range of 185-1420 µatm. Mean val-
ues of pC02 during the experimental period ranged from 
175-1085 µatm (for details see Bellerby et al., 2012). In 
mesocosms with no or low addition of C02-enriched water, 
similar amounts of filtered fjord water were added in order 
to apply the same physical perturbation to all mesocosms. 
Some fine-tuning to reach target C02 levels was conducted 
on 11 June (t4), at which time the target pC02 levels where 
reached with an offset generally smaller than ±50 µatm. Af-
ter this no further C02 manipulation was done in any of 
the mesocosms. Because of the slow exchange of water in 
the "dead volume" below the sediment trap with that in the 
rest of the enclosure bag, there was a dilution of the ini-
tial C02 enrichment due to mixing of the C02 manipulated 
( open bag) and non-manipulated ("dead volume") water dur-
ing the first couple of days. Budget calculations based on car-
bonate chemistry measurements starting after C02 manipu-
lations needed to account for this dilution effect (Czemy et 
al., 2012a, 2013; de Kluijver et al., 2013; Silyakowa et al., 
2013). 
In the early morning of20 June (t13), inorganic nutrients 
were added using the same dispersion device as described 
above and shown in Fig. 7 at concentrations of 5 µmol L -l 
N03, 0.32 µmol L - I P04, and 2.5 µmol L -l Si. The precise 
amounts of inorganic nutrients added to each mesocosm were 
calculated based on volume determinations conducted for all 
mesocosms through salt additions on 3 June (t4) and 11 June 
(t4). For a detailed description of the volume determination 
see Czerny et al. (2012b). 
Approximately 200 live adult pteropods 
(Limacina helicina) sampled individually from the fjord 
were added to each mesocosm during 11-13 June (t4-t6) 
to study their response to ocean acidification. For unknown 
reasons the pteropods rapidly disappeared from the water 
column. Some pteropods were collected in the sediment 
traps; others were seen by divers accumulating in the dead 
volume underneath the sediment traps. Very few specimen 
survived the experiment. 
2.8 Cleaning of the mesocosm walls 
To estimate the contribution of wall growth to the overall 
production and accumulation of particular organic matter 
(POM) in the mesocosms, the inside of the enclosure bags 
was cleaned with a ring-shaped brush on 7 July (t30). Var-
ious biological parameters were determined on suspended 
particulate matter immediately before and after brushing of 
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Fig. 8. Ring-shaped brush used for cleaning the inside of the enclo-
sure walls. The brush is pulled downwards by a weight attached by 
ropes below the ring and pulled upwards manually by a rope run 
over a pulley fixed above the centre of the enclosure bags under-
neath the hood. In follow-up experiments the brush was replaced by 
a double-bladed wiper. 
the walls to quantify the amount of biomass released into the 
water column. As reported in Czemy et al. (2012a) on aver-
age 16 % of the nitrate and 32 % of the phosphate added on 
tl3 had accumulated on the mesocosm walls due to biofilm 
formation on t30. In follow-up campaigns, the formation of 
biofilms on the inside of the enclosure bags (wall growth) 
was prevented by regular cleaning (once per week) with a 
ring-shaped, double-bladed wiper using a similar configura-
tion as depicted in Fig. 8. 
2.9 Sampling 
Vertical profiles of temperature, conductivity, pH, oxygen, 
fluorescence, turbidity and light intensity were taken daily 
in each mesocosm and the surrounding water between 14:00 
and 16:00 LT with a CTD60M (Sun and Sea Technologies). 
Sampling of seawater from the mesocosms was conducted 
with a depth-integrating water sampler (Hydro-Bios). The 
sampler is equipped with a pressure-controlled motor and 
continuously collects water (5 L volume) while being low-
ered from the surface to 12 m depth. Samples were col-
lected in the morning between 9:00 and 11 :00 In addition 
discrete samples were taken at fixed depths using Niskin 
bottles and pumping systems with sampling tubes lowered 
into the mesocosms (for details see M&M in the correspond-
ing manuscripts). For measurements of DIC, total alkalinity, 
N20, inorganic nutrients, dissolved organic matter, volatile 
organic compounds, oxygen incubations, and other samples 
sensitive for contamination and gas exchange, subsamples 
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Table I. Starting conditions in the nine mesocosms (M 1-M9) and the surrounding fjord water. Data for salinity, pH and oxygen concentration (determined in situ with a CTD equipped with pH and oxygen sensors) for day t-4, all others for day tO. pH is in total scale, concentrations for oxygen nitrate, ammonium, phosphate and silicate are in µmol L - l. See Schulz et al . (2013) for details on the methodologies. 
Ml M2 M3 M4 
Salinity 33.90 33 .90 33.90 33.91 
pH 8.36 8.36 8.37 8.35 
02 466 462 461 462 
NO- 0.03 0.03 0.02 0.03 NHt 0.59 0.59 0.60 0.60 4 
po3- 0.04 0.05 0.05 0.06 4 
Si(OH)4 0. 15 0.16 0.15 0.17 
were taken directly from the depth-integrating samplers in 
a fixed order. For bulk measurements of suspended particu-
late matter, photosynthetic pigments, biogenic silica, phyto-
and microzooplankton abundance and composition, and var-
ious other components (see M&M in the corresponding 
manuscripts), the depth-integrated samples were transferred 
to 10 L polyethylene containers which were kept in a dark 
cold room at in situ temperature for later subsampling. 
Net hauls were done about once a week (for details see 
Niehoff et al. , 2013). To minimize the effect of zooplank-
ton catches on the plankton abundance and composition, the 
cross-sectional area sampled by the sum of all net hauls con-
ducted over the course of the experiment was kept to less 
than one-sixth of the total cross-sectional area of the enclo-
sure bags. 
All sampling gear and sensors were plunged into fjord wa-
ter next to the sampling boats before being deployed in the 
mesocosms to avoid contamination by adhering materials. 
All instruments were cleaned with fresh water when return-
ing to land. 
3 Results 
A mesocosm C02-enrichment experiment was conducted in 
Kongsfjorden on the north-west coast ofSpitsbergen (Fig. 9) 
between 31 May and 8 July 2010. Nine sea-going meso-
cosms were loaded in Kiel and deployed on the southern 
shore of Kongsfjorden near Ny-Alesund at 78°56.2' N und 
11 ° 53 .6' E (Fig. I 0) by MN Esperanza of Greenpeace In-
ternational on 31 May (t-7). Before mesocosm deployment 
mooring weights were laid out by R/V Viking Explorer of 
the University Centre in Svalbard (UNIS). Upon deployment 
the mesocosms were towed to the mooring site by small boats 
and tied in three groups of three mesocosms each as indicated 
in Fig. 10. 
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M5 M6 M7 M8 M9 Fjord 
33.91 33.90 33.90 33.93 33.93 33.58 
8.36 8.35 8.37 8.37 8.39 8.36 
460 460 462 463 466 476 
0.01 0.01 0.02 0.02 0.03 0.01 
0.59 0.59 0.49 0.59 0.69 0.22 
0.05 0.06 0.05 0.06 0.06 0.04 
0.12 0.12 0.12 0.10 0.12 0.23 
3.1 Conditions in the fjord 
At the time ofmesocosm deployment Kongsfjorden offNy-
Alesund was ice-free, while parts of the inner fjord were cov-
ered by sea ice. During the course of the study, the sea ice 
broke off and the glaciers surrounding Kongsfjorden started 
to calve. Floats of sea ice and glacier ice drifted towards the 
mouth of the fjord starting in mid-June. Most of the ice trans-
port occurred along the northern side of the fjord, i.e. on the 
opposite side of the mesocosm mooring, following the gen-
eral current pattern in the fjord system. At times of persistent 
north to north-east winds some ice floats occasionally drifted 
towards the mesocosm array. A 24 h ice watch was on duty 
for the duration of the experiment. In a few cases ice floats 
needed to be pushed out of their path by small boats to avoid 
collision with the mesocosms. 
The initial pC02 of the ambient water in the fjord was 
~ 175 µatm, corresponding to a pH of~ 8.3 (Bellerby et 
al., 2012). Concentrations of mineral nutrients in the wa-
ter were close to detection limit at the beginning of the ex-
periment (0.11 µmol L - 1 of nitrate, 0.7 µmol L -I of ammo-
nia, 0.13 µmolL -I of phosphate). Additionally, there were 
5.5 µmol L -I of dissolved organic nitrogen, 0.20 µmol kg- 1 
of dissolved organic phosphorus (Schulz et al., 2013) and 
75 µmol L -I of dissolved organic carbon (Engel et al. , 2013). 
Reduced pC02 and inorganic nutrient concentrations as well 
as increased concentrations of organic carbon, nitrogen and 
phosphorus indicated a post-bloom situation in the fjord at 
the start of the experiment. 
3.2 Conditions in the mesocosms 
Comparing the initial conditions after closing of the meso-
cosms provided an indication of the similarity between bags 
at the start of the experiment. As indicated in Table l , the 
chemical conditions were almost identical in all mesocosms. 
Small differences between mesocosms and the surround-
ing fjord water were due to changing water masses in the 
fjord after closing the bags. Close agreement also exists 
for phytoplankton biomass and taxonomic composition (Ta-
ble 2). Differences in group-specific chlorophyll a equiva-
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Fig. 9. Map of the Arctic. Red dot denotes the location of the 
study site (Kongsfjorden, Ny-Alesund) on the north-west coast of 
Spitsbergen, the largest island of the Svalbard archipelago. Source: 
Wikipedia. 
lent concentrations between mesocosms for some of the tax-
onomic groups are more pronounced for those with predom-
inantly large cell sizes combined with low abundances, such 
as diatoms and dinoflagellates. This difference is most likely 
due to a sampling bias rather than a true representation of 
biomass differences in the mesocosms. Almost identical con-
centrations in all mesocosms are obtained for bacteria and to-
tal virus counts (Table 2). Overall, the resemblance in initial 
values for a variety of chemical and biological parameters 
suggests proper conditions for the start of the experiment. 
3.3 Temporal development 
A short temporary increase in phytoplankton biomass dur-
ing the first part of the experiment was probably fuelled by 
utilization of organic nutrients. Halfway through the experi-
ment inorganic nutrients were added to the mesocosms stim-
ulating two additional phytoplankton blooms. 
Based on the manipulations carried out over the course of 
the study, the deployment period is divided into 4 phases, 
one pre-experimental phase (phase 0) and three experimental 
phases (phases 1-3) as follows: 
- phase 0: closing of the mesocosms until end ofC02 ma-
nipulation (t-4 to t4), 
- phase 1: end of C02 manipulation until nutrient addition 
(t5 to t12), 
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Fig. 10. Map of Kongsfjorden on the north-west coast of Svalbard. 
Insert shows the study area with the location and orientation of the 
mesocosm array. Source of map: Norsk Polarinstitutt. 
- phase 2: nutrient addition until 2nd chlorophyll mini-
mum (tl3 to t21), 
- phase 3: 2nd chlorophyll minimum until end of experi-
ment (t22 to t30). 
The temporal changes in phytoplankton biomass and com-
munity composition observed in the mesocosms follow the 
same basic trends as those recorded in the waters surrounding 
the mesocosms (Brussaard et al., 2013 ; Schulz et al., 2013). 
Considering that lateral advection caused the water surround-
ing the mesocosms to exchange rapidly, the close agreement 
between enclosed and ambient plankton community devel-
opment seems quite remarkable. This indicates that (1) ma-
jor trends in plankton development persisted independent of 
small-scale patchiness in the study area and (2) the enclosed 
plankton community mimics the natural system reasonably 
well in terms of major developments in biomass and com-
position. The close agreement starts to weaken after nutrient 
addition in the mesocosms. 
Aside from providing a comprehensive data set on plank-
ton community responses to ocean acidification and their im-
pacts on biogeochemical cycling, the study offered the op-
portunity for consistency checks between individual mea-
surements. Particularly enlightening in this respect was the 
comparison of different approaches determining net com-
munity production, which was obtained from bottle incuba-
tions measuring 02 production/consumption (Tanaka et al. , 
2013), estimates ofchanges in DIC concentration (Silyakowa 
et al. , 2013), and incorporation of 13C tracer added directly 
into the mesocosms (de Kluijver et al. , 2013). These esti-
mates were further compared with 14C incorporation deter-
mined in bottle incubations (Engel et al. , 2013). While at 
first sight the different approaches appeared to yield differ-
ent rates and - more surprisingly - different relationships 
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Table 2. Concentrations of chlorophyll a equivalent (in ng L - l) for eight taxonomic groups of phytoplankton determined from HPLC mea-
surements using CHEMTAX and bacterial and viral numbers (106 mL -l) measured by flow cytometry for day tO. See Schulz et al. (2013) for details on methodologies. Abbreviations for taxonomic groups refer to prasinophyceae, dinophyceae, crytophyceae, chlorophyceae. 
cyanophyceae, bacillariophyceae, chrysophyceae, and haptophyceae. 
Ml M2 M3 M4 
Prasino 45.8 45.8 49.l 55.5 
Dino 0 0.4 8.1 10.l 
Crypto 25.2 15.5 19.7 34.6 
Chiaro 18.8 0 0 10.0 
Cyano 29.9 31.3 41.4 41.4 
Bacillario 28.4 18.5 27.7 31.4 
Chryso 6.4 2.6 5.1 5.0 
Hap to 28.0 65.4 28.7 35.l 
Bacteria 2.0 2.1 2.0 2.1 
Viruses 61.4 53.5 54.2 58.0 
with C02 concentration, closer examination yielded some 
interesting insights into the underlying processes and even-
tually resulted in a coherent interpretation of plankton com-
munity responses to ocean acidification (see discussions in 
references cited above). 
4 Discussions 
4.1 The study area 
The Arctic Ocean ecosystem is expected to undergo ma-
jor climate-change-related transformations in the coming 
decades, ranging from surface layer warming and freshen-
ing to enhanced stratification and loss of sea ice. Due to the 
high C02 solubility and low carbonate saturation states of 
its cold surface waters, the Artie Ocean is also considered 
particularly vulnerable to ocean acidification. If C02 emis-
sions continue to rise at current rates, half of the Artie Ocean 
will be undersaturated with respect to calcium carbonate and, 
therefore, corrosive for calcareous organisms within the next 
three to four decades (Steinacher et al., 2009). While sev-
eral Arctic calcifying species have been shown to respond 
negatively to ocean acidification (e.g. Biidenbender et al., 
2011; Comeau et al., 2009; Lischka et al. 2011; Walther et 
al., 201 O; Wood et al., 2011 ), little is known about possible 
consequences of ocean acidification at the base of the Arctic 
food web. The experiment described here was intended as a 
first attempt at closing this gap by conducting a pelagic meso-
cosm C02-enrichment study in Kongsfjorden on the western 
coast of Spitsbergen - about 1000 nautical miles south of the 
North Pole. 
Kongsfjorden, an open fjord system without sill, is about 
26 km long and between 4 and 10 km wide, with a maxi-
mum depth of 400 m. The water in Kongsfjorden is influ-
enced by (i) Arctic water masses transported by the coastal 
current flowing from the Barents Sea over the West Spits-
Biogeosciences, 10, 1835-1847, 2013 
M5 M6 M7 MS M9 Fjord 
58.6 41.5 66.8 54.5 48.9 71.5 
0 27.4 8.2 13.l 4.6 12.2 
45.6 23.l 29.5 20.7 18.3 73.3 
1.4 27.2 40.8 43.5 38.3 56.9 
44.2 36.5 28.3 22.2 38.7 37.2 
31.8 19.6 37.2 15.3 35.7 97.8 
3.0 4.5 5.8 5.1 7.3 3.4 
51.3 25.3 16. l 25.4 19.7 18.5 
2.0 2.1 2.2 2.0 2.0 1.7 
48.4 53.3 49.3 58.3 53.9 52.4 
bergen Shelf, (ii) Atlantic water masses coming in with the 
northbound West Spitsbergen Current, and (iii) freshwater 
input from calving and melting glaciers as well as precipi-
tation (Hop et al., 2006). Discharge of freshwater and sedi-
ments from the adjacent glaciers strongly varies seasonally, 
peaking in the summer. During winter, the inner part of the 
fjord is covered by sea ice , with large interannual variability 
in ice thickness, time of formation and break-up (see Svend-
sen et al., 2002, for a detailed review of the physical environ-
ment of the Kongsfjorden area). 
In the fjord the initiation of the phytoplankton spring 
bloom starts already under ice cover, culminating between 
April and early June after ice break-up (Eilertsen et al., 
1989). The majority of studies conducted on the plankton 
community in Kongsfjorden focused on the spring period 
when high nutrient availability and increasing light levels 
support a substantial fraction of the annual primary produc-
tion (Iversen and Seuthe, 2011; Seuthe et al., 2011 ). After 
the spring bloom, phytoplankton biomass remains moder-
ately high during late spring and summer (Hop et al., 2002). 
At this time of the year, the plankton community is typi-
cally characterized by an efficient microbial loop (Iversen 
and Seuthe, 2011) that provides inorganic nutrients to phy-
toplankton and bacteria through rapid organic matter rem-
ineralization. These were the conditions encountered at the 
start of this mesocosm campaign. Accordingly, pico- and 
nanophytoplankton groups were the dominant autotrophs 
during the first part of this study (Brussaard et al., 2013). 
Due to the low seed population of dinoflagellates and di-
atoms, the dominance of pico- and nano-sized phytoplankton 
continued even after nutrient addition. The standing stock of 
microphytoplankton was building up slowly and dominated 
phytoplankton biomass only towards the end of the experi-
ment (Schulz et al., 2013). 
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4.2 KOS.MOS experimental facility 
After a sequence of test runs in free-floating mode con-
ducted in the Baltic Sea in 2006, 2007, and 2008, which 
led to considerable improvements in the mesocosm hardware 
and handling, and a four-week trial run in moored mode in 
2009, which yielded some novel results on ocean acidifica-
tion effects during a phytoplankton spring bloom (Schulz 
and Riebesell, 2012), the Svalbard 2010 campaign was the 
first full-scale experiment involving nine mesocosm units 
and covering a broad range of parameters over an extended 
period of time. Building on the experience gained during this 
campaign, this new sea-going experimental platform opens 
up new opportunities for mesocosm experimentation under 
a variety of hydrographic conditions and geographical loca-
tions. Important new features of this facility include 
- the enclosure of large volumes (45-75 m3) with mini-
mal disturbance of the enclosed water body and plank-
ton community, 
- controlled carbonate chemistry manipulation with min-
imal agitation of the enclosed water, 
- mass balance calculations through precise determina-
tion of mesocosm volume by full accounting of all rel-
evant pools and fluxes for key elements ( carbon, nitro-
gen, phosphorus, silica), 
- extended experimental duration through routine clean-
ing of mesocosm walls (preventing extensive wall 
growth) and regular sediment sampling (preventing re-
lease of remineralization products from sedimented 
matter), 
- operation in moored and free-floating mode under low 
to moderate wave conditions allowing mesocosm ex-
perimentation in areas previously not amendable to this 
kind of experimentation. 
This mesocosm campaign, which involved 35 scientists 
from 12 institutes, provided the opportunity for a highly inte-
grative, multidisciplinary study involving marine engineers, 
molecular and marine biologists, ecologists, biogeochemists, 
and marine and atmospheric chemists. By covering a wide 
range of parameters measured over 35 days (4 days prior to 
and 31 days after the start of C02 manipulation), it pro-
vided a comprehensive data set on pelagic community-level 
responses to ocean acidification and their impacts on nutrient 
cycling and air-sea exchange of climate-relevant gases. 
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Abstract. The volume of water enclosed inside flexible-wall 
mesocosm bags is hard to estimate using geometrical cal-
culations and can be strongly variable among bags of the 
same dimensions. Here we present a method for precise wa-
ter volume determination in mesocosms using salinity as a 
tracer. Knowledge of the precise volume of water enclosed 
allows establishment of exactly planned treatment concen-
trations and calculation of elemental budgets. 
1 Introduction 
Manipulation of a chemical parameter ( e.g. nutrient or pol-
lutant) in an experimental enclosure is usually accomplished 
by the following: (1) calculating the amount of the substance 
needed for a given volume of water, (2) adding the substance, 
(3) mixing the enclosed water to ensure homogeneity and 
( 4) analysing the water to check if correct concentrations are 
achieved. In a large pelagic mesocosm like KOSMOS (Kiel 
Offshore Mesocosms for future Ocean Simulations) ("' 50-
80 m3 within each unit), some of these steps are technically 
difficult. The precise volume of water cannot be easily mea-
sured using standard volumetric or gravimetric methods and, 
as shown in this article, geometric calculations do not deliver 
satisfying results for a flexible-wall enclosure. Distributing 
a substance within an up to 25-m-deep water column can 
lead to vertical concentration gradients, and active mixing 
requires a large energy input. When a sample is analysed, it 
might be already too late to detect applied treatment concen-
trations inside the mesocosm as they might be rapidly altered 
by biological activity. Uncertainties and variability in treat-
ment levels and budget calculations can be largely avoided if 
the exact water volumes of individual mesocosms are known. 
Many chemical parameters can be adjusted much more pre-
cisely as they can be determined later using seawater ana-
lytics. Here we present a method to precisely measure the 
volume within each experimental unit by addition of rela-
tively small amounts of sodium chloride solution. Errors and 
uncertainties of the volume measurement are discussed. 
2 Preparation of salt brine for volume measurements 
Sodium chloride (NaCl) is used as a conductometric tracer 
for volume measurement because of its high solubility 
(359 gL -I at 20 °C). Complex sea salt mixtures cannot be 
prepared due to the relatively low solubility of some of the 
components. A NaCl concentration well below saturation 
(i.e. 250-300 g kg- 1) was chosen to ensure relatively quick 
dissolution and to prevent possible precipitation which could 
bias volume measurement. The source of the salt should be 
chosen with care, as impurities such as iron can cause enrich-
ment of the enclosed water far beyond natural levels. To pre-
vent this, one option is to use high purity grade salt. However, 
other salts are relatively pure and cost efficient depending on 
the production process. Attention should be paid to choosing 
a salt which does not contain commonly used anti-caking 
agents such as ferocyanide ( e.g. Brezelsalz Backerstolz®, 
esco, Germany). The ion exchanger Lewatit™ MonoPlus 
TP 260® (Lanxess, Germany) removes metal anions effi-
ciently from concentrated salt solutions. As soon as a sub-
sample for calibration is taken after complete dissolution, the 
brine has to be stored in a tightly closed container to avoid 
evaporation. For a schematic drawing of our setup to prepare 
salt brine, see Fig. 1. 
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Fig. 1. Schematic drawing of the setup used for the preparation of 
salt brine in large amounts. An electric outboard motor (a) in the 
mixing tank speeds up the dissolution of salts, enabling prepara-
tion of nearly saturated solutions within a few hours. Produced so-
lutions can be further processed ( e.g. run over filters or purifying 
columns) (b) and stored in intermediate bulk containers (c) and dis-
pensed into suitable carboys for quantitative addition into the meso-
cosms using the "spider". 
3 Salt brine addition 
Prior to brine addition the initial salinity in the mesocosms 
has to be determined precisely. Due to the slightly uneven 
shape of the enclosures, mean salinity of a CTD ( conductiv-
ity, temperature and depth) profile made in a stratified meso-
cosm is not necessarily matching mean salinity of the same 
water without a salinity gradient (Fig. 2a). Therefore, the 
mesocosm water column has to be mixed prior to measure-
ment until homogeneity is reached (if a salinity gradient is 
found). Mixing was performed by bubbling with compressed 
air for five minutes via a weighted ("' 13 mm inner diame-
ter) hose lowered to the bottom of the mesocosm. After de-
termination of initial salinity by three consecutive CTD pro-
files, a precisely weighted amount of salt brine was injected 
into each mesocosm. Amounts of brine added were calcu-
lated based on an approximated volume to achieve salinity 
increases of 0.2 to 0.4. The "spider'' system (described by 
Biogeosciences, 10, 1937-1941, 2013 
Riebesell et al. , 2012) was designed to evenly distnbute liq-
uids of any density inside large mesocosms. The brine so-
lution was pumped through the "spider" system which was 
continuously moved up and down the upper "' 90 % of the 
mesocosm depth, avoiding any resting of the device at the 
lowest point. Once the brine solution has been pumped into 
the mesocosms, the empty solution container was rinsed 
twice with mesocosm water and the remaining water was 
pressed out of the "spider" using compressed air. The estab-
lished salt gradient with decreasing water density with depth 
is not stable. An overturning circulation mixes the water col-
umn during the following 12 has light, low-salinity water is 
making its way up across the denser, high-salinity water sink-
ing to the bottom (Fig. 2b ). While temperature gradients es-
tablish within hours according to outside stratification, salin-
ity distribution remains homogeneous throughout the proce-
dure. A stable halocline can be later established by purpose-
ful salt brine addition to deep water layers or by freshwater 
input to the surface. 
4 Salinity measurement 
Salinity profiles were collected using a data-logger-
equipped, hand-held, multisensory CTD CTD60M (Sun 
and Sea Technologies), manually lowered at a speed of 
"'0.2 m s-1• Reproducibility of mean salinity (standard de-
viation of mean salinity from three replicate profiles (n = ""' 
300 single measurements per profile) in four salinity mea-
surements) was typically :::: 0.0003 units. This is correspond-
ing to a measurement-derived uncertainty for volume esti-
mates of"' 0.1 % for a salt addition increasing salinity (S) by 
0.3. 
5 Calibration 
The calibration of the salt brine was performed at 20 °C in 
the laboratory, using surface water collected in the Flensburg 
Fjord (S = 17.0). Nine different mixing ratios were mea-
sured to construct a calibration curve (Fig. 3). For this, sea-
water has to be stirred in an appropriate calibration beaker 
to establish a constant flow across the salinity sensor of the 
CTD probe for a stable reading. Determination of initial 
salinity in the calibration beaker was followed by a first ad-
dition of brine, oriented at the largest expected mesocosm 
volume (highest dilution). Afterwards salinity was increased 
in small steps until the mixing ratio of the smallest expected 
mesocosm volume was reached. After plotting the first cali-
bration curve, the batch of water was mixed again and a sec-
ond calibration starting at S = I 7 .1 was performed. 
Although conductivity was increased by NaCl addition 
and not using a complex sea salt mixture, measured increases 
in salinity were directly proportional to the added amount of 
salt brine. The algorithm used by our CTD (UNESCO PSS-
78) assumes seawater ion composition to be conservative 
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Fig. 2. (a) A natural vertical salinity profile in a 25-m-deep meso-
cosm (blue dots). The average salinity of the profile is indicated by 
a vertical blue line. Red dots are salinity measurements after mixing 
the water column using 5-min bubbling with compressed air. Differ-
ences are caused by the uneven shape of the bag (here especially the 
bottom funnel) (b) The black profile is collected right after inject-
ing salt brine to the upper 22 m of the mesocosm, the blue profile is 
measured 6h later and the red profile 18h later. (c) Homogeneous 
S profile shown in (a) is increased in three steps, measured on three 
consecutive days using three replicated profiles shown as black, red 
and gray dots. 
when calculating salinity from conductivity and temperature. 
However, changes in sea salt composition were found to have 
no significant influence on volume determination using this 
protocol. 
When the gravimetric mixing ratio of seawater in the 
beaker per added brine (SW: Brine (kg)) is plotted versus 
measured salinity increase (~S), a power fit can be used 
to calculate volumes of mesocosms from ~S (X) by mul-
tiplication of the mixing ratio (Y) with the added mass of 
brine (Fig. 3). To determine the precision of volume mea-
~urements, three consecutive salt additions were performed 
m a 25-m-deep rnesocosm on a test cruise in the Flensburg 
















0.2 0.25 0.3 0.35 
Y = 228.2771x-LOU4 
R2 = 0.9990 
y = 224.90451:-1·"" 
R 2 = 0.9998 
0.4 0.45 0.5 
Fig. 3. Salt calibration curve. Exponential fits for two calibration 
datasets: calibration I (blue curve) is measured by increasing salin-
ity from natural Baltic seawater S = 17; calibration 2 (black curve) 
is done after salinity was already increased from 17 to 17. l by NaCl 
addition. Power formulas can be used to calculate mesocosm vol-
ume by multiplying y with the added amount of brine. 
6 Potential side-effects of volume measurements using 
NaCl as a tracer 
Every perturbation of the enclosed ecosystem in a mesocosm 
bares the risk of biasing results and reducing comparabil-
ity to the natural system. Experiments on enclosed ecosys-
tems cannot, however, be done without significant changes 
to natural physical and chemical side parameters such as tur-
bulence, light or artificial nutrient additions. Perturbations 
equally performed in all parallel mesocosms are unprob-
lematic when effects are compared among treatments. Ho-
mogenisation of the initial stratification and the addition of 
salt are equally performed in all units. Bubbles used to mix 
the mesocosms in the beginning of the experiment are pre-
sumably stressful for some of the enclosed organisms and 
might change initial dissolved gas concentration. Initial mix-
ing of the water column in the beginning of the experiment 
has, beside the measurement of the salt inventory, a further 
advantage: it equalises differences in vertical nutrient distri-
bution among parallel treatments arising from partial disrup-
tion of stratification after closing of the mesocosms. Harm-
ful effects of temporary short bubbling on gases or organ-
isms were not observed in prior experiments. In order to 
minimise stress on the enclosed ecosystem, the mesocosms 
should be mixed with large bubbles and not longer than ab-
solutely necessary. Reports on physiological responses to a 
salinity increase of less than 1 could not be found for marine 
organisms. A minimum in species richness at intermediate 
salinities is observed along the natural salinity gradient (0 to 
34) of the Baltic Sea estuary. However, changes in species 
distribution are generally attributed to salinity changes of 
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Table 1. Volumes calculated for three salinity additions to the same 
mesocosm using two calibrations, Cal 1 and Cal 2, were applied 
to each individual salinity increase. Results were corrected for in-
creasing volume due to the addition of brine. 
Addition Added 
Nr. brine (kg) 
1 83.05 
















several units with responses below 0.5 not being resolved (Remane, 1934; Paavola et al., 2005). Potential impacts of 
NaCl on freshwater ecosystems are summarised by Siegel (2007) within a risk assessment for salt use on roads. Re-
sponses to prolonged exposure are generally observed when 
several gkg-1 NaCl were added. Single studies reported ef-
fects on Cladocera and some fish juveniles already at about 
0.5 g kg-1 of salt addition (see table and references within 
Siegel, 2007). Thus, NaCl could be generally also used as 
a tracer in freshwater mesocosm research if salt additions 
are below 0.2 gkg-1• In any case, the risk of biasing results 
by additional manipulation of the enclosed system has to be 
evaluated against advantages of knowing the precise volume 
of the enclosure. 
7 Discussion of measurement errors 
Volumes calculated from three consecutive salt additions to 
the test mesocosm are summarised in Table 1. Deviations of 
about ± 1 % are larger than expected from possible uncertain-
ties in the amount of brine added and the precision of salin-
ity measurements. Based on the reproducibility of measure-
ments we would expect uncertainties of only up to ±0.1 %. 
With respect to the good reproducibility of salinity measure-
ments inside the mesocosms, enrichments of0.3 to 0.4 during 
the Baltic Sea test turned out to be unnecessarily high. Com-
parable results could have been achieved applying salinity 
increases of less than O .1. Actual losses during addition of 
brine can be expected to be on the order of single grams. 
Observed deviations are therefore unlikely to be caused by 
addition or measurement errors inside the mesocosms, but 
from uncertainties arising from the calibration. Calculated 
volumes based on three salinity additions to the same meso-
cosm and two calibration curves were used to identify uncer-
tainties. Using either calibration 1 or 2, results of the consec-
utive measurements vary by the same percentage ("' 0 .9 % ); 
however, using calibration 1, mean volume is 1.2 % higher 
Biogeosciences, 10, 1937-1941, 2013 
Table 2. Measured volume of nine mesocosms in two experiments: 
Bergen 201 I and Svalbard 2010 including maximum and standard 
deviations from mean measured volumes. In Bergen 201 I, ba[s 
reached overall 25 m below the surface, geometrically calculat;d 
volume for the bags, funnel shaped in the bottom 2 m, is 74.3 t. In 
Svalbard 20 I 0, cylindrical 15-m-deep bags are geometrically calcu-
lated to hold 47t. 
Mesocosm. Bergen Svalbard 
Nr. 201 I 2010 
76.8 48.8 
2 79.9 48.I 
3 78.4 46.7 
4 73.5 48.7 
5 75.9 46.5 
6 73.5 47.2 
7 79.4 48.8 
8 78.4 45.0 
9 75.2 47.8 
Max. Dev.% 8.4 7.9 
St. Dev.% 3.2 2.7 
than volume calculated using calibration 2. This offset is ob-
viously due to a ......, 0.003 uncertainty in calibration initial S, 
to which all /1S values in the calibration curve are referenced 
to. Parts of the calibration limitation might have been due to 
problems in measuring salinity with a CTD probe inside a 
beaker. Consequently, the method is more sensitive in deter-
mining differences between mesocosms than in determining 
the absolute amount of water enclosed. Most accurate results 
can be expected when calibration is done using seawater at in 
situ T and S, and the initial salinity is repeatedly measured. 
8 Observed variability between mesocosms 
Despite their nearly cylindrical appearance, measured vol· 
umes of nine KOSMOS mesocosms in two experiments de-
viated by up to 8 % between parallel units (standard devia· 
tion of......, ±3 %; Table 2). The 25-m-deep setup in the Bergen 
2011 experiment had slightly larger deviations than the 15· 
m-deep setup used in Svalbard 2010. The volumes of the 25· 
m-Iong bags were 4 % smaller than their geometrically cal· 
culated volumes during the test in the Baltic Sea. In Bergen 
2011 the volumes of the same bags were averaged 3.3 % 
larger than geometrically calculated. These differences were 
probably caused by differences during filling - especially 
opening time - changing water densities, and slight lateral 
deformations caused by water currents acting on the moored 
mesocosms. During an earlier test cruise more than 20 % 
variation was measured between three mesocosms filled at 
a relatively strong current. 
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Abstract. Mesocosms as large experimental units provide 
the opportunity to perform elemental mass balance calcula-
tions, e.g. to derive net biological turnover rates. However, 
the system is in most cases not closed at the water surface 
and gases exchange with the atmosphere. Previous attempts 
to budget carbon pools in mesocosms relied on educated 
guesses concerning the exchange of C02 with the atmo-
sphere. Here, we present a simple method for precise deter-
mination of air-sea gas exchange in mesocosms using N20 
as a deliberate tracer. Beside the application for carbon bud-
geting, transfer velocities can be used to calculate exchange 
rates of any gas of known concentration, e.g. to calculate 
aquatic production rates of climate relevant trace gases. Us-
ing an arctic KOSMOS (Kiel Off Shore Mesocosms for fu-
ture Ocean Simulation) experiment as an exemplary dataset, 
it is shown that the presented method improves accuracy of 
carbon budget estimates substantially. Methodology of ma-
nipulation, measurement, data processing and conversion to 
C02 fluxes are explained. A theoretical discussion of pre-
requisites for precise gas exchange measurements provides 
a guideline for the applicability of the method under various 
experimental conditions. 
1 Introduction 
Pelagic mesocosms represent large volume (mostly between 
one and fifty m3) experimental enclosures used to gather 
data on natural plankton communities (Petersen et al., 2003). 
Generally open towards the atmosphere, mesocosms, how-
ever allowing for air-sea gas exchange, make it difficult 
to calculate production or consumption of C02 and other 
volatile compounds inside an experimental unit. Climate rel-
evant trace gases and other volatile carbon compounds pro-
duced in marine environments are increasingly investigated 
for their potential climate feedbacks and have been mea-
sured in previous mesocosm experiments (Sinha et al., 2007; 
Archer et al., 2012; Hopkins et al., 2012). Observed concen-
trations in a mesocosm are a product of water-column reac-
tions and losses or gains from the atmosphere. Precise knowl-
edge of air-sea gas exchange rates can be used to calculate 
net production rates of these compounds in the water col-
umn, which can be compared between various experiments. 
Aquatic production rates in concert with data on biological 
community composition and physiological state would help 
to understand observed open-ocean distributions. 
Not only in the context of global change, biological C02 
fixation and consequent carbon export by sinking particles is 
of special interest to biogeochemical experimentalists. Most 
mesocosm studies currently focus on investigating ecolog-
ical interactions applying standard oceanographic methods 
on subsamples of the enclosed water. In principal, mesocosm 
experiments also provide the opportunity to compare biogeo-
chemical element fluxes such as air-sea gas exchange and 
export to water-column production. With production rates, 
as usually measured in side experiments ( e.g. 02 produc-
tion or 14C incorporation), uncertainties arise from sample 
transfer into bottle incubations and from extrapolating back 
from incubation conditions to temperature and light gradi-
ents present in mesocosms. In situ primary production mea-
surements using the whole enclosure as experimental vessel 
have to be elaborated, in order to produce estimates com-
parable to total mesocosm fluxes like sedimentation of or-
ganic matter. Calculating carbon fluxes from water-column 
pools of inorganic and organic carbon quantitatively related 
to air-sea fluxes and export rates could largely improve the 
Published by Copernicus Publications on behalf of the European Geosciences Union. 
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understanding of the system (Czemy et al. , 2012a). To di-
rect! estimate cumulative net community production (NCP), 
changes in total dissolved inorganic carbon (CT) have to be 
corrected for C(h air-sea gas exchange and eventually for 
calcification and evaporation. In previous rnesocosm experi-
ments in a orwegian fjord (Delille et al., 2005) and indoors 
(Wohlers et al. , 2009; Taucher et al. , 2012), net commu-
nity production (NCP), calculated on the basis of measured 
changes in CT, were presented. To calculate air-sea gas ex-
change, DelilJe et al . (2005) used a parameterisation for wind 
dependent boundary layer thickness achieved from experi-
mental data compiled by Smith (1985). Wind speed, the cru-
cial input parameter, was set to zero, because the mesocosms 
were closed to the atmosphere and moored in a sheltered sur-
rounding. Whereas most parameterisations result in zero gas 
exchange at zero wind speed (Wanninkhof, 1992), labora-
tory derived wind dependent parameterisations by Smith et 
al. (1985) resulted in positive exchange at zero wind speed. 
Under calm conditions, gas exchange is low, but not zero; it is 
governed by other energy inputs than wind, e.g. thermal con-
vection due to evaporation and temperature changes (Liss, 
1973 ; Wanninkhof et al. , 2009). Although direct wind forc-
ing might be negligible in most mesocosms, the general as-
sumption that overall energy input is comparable to the con-
ditions in the experimental tanks used by Smith et al. (1985), 
however, is not justifiable. Surface turbulence in many meso-
cosm experiments is unlikely to be very low. Active mixing 
systems, wave movement of the surrounding water, thermal 
mixing or the deployment of sampling gear might create tur-
bulence within the enclosures, comparable to quite windy 
conditions. Taucher et al. (2012), for example, found wind 
speeds of more than 6 m s- 1 to be necessary for balancing 
the carbon budget in a Kiel indoor mesocosm experiment, 
applying the Smith et al. (1985) calculation. Parameterisa-
tions for wind speed dependent gas exchange over the ocean 
are obviously not suitable for calculating mesocosm air-sea 
gas exchange. Other than open-ocean gas exchange measure-
ments, direct measurement of exchange velocities in an en-
closed water volume can be relatively easily done. 
Here, we present a simple method for direct measurements 
of air-sea gas exchange rates in mesocosm experiments us-
ing N20 as a tracer. N20 is a perfect choice as a gas tracer in 
this application, due to its well known atmospheric concen-
tration, relatively simple detection and structural similarity 
to C02. Although N20 is not an inert gas, conditions favour-
ing its biological production are unlikely to occur in pelagic 
mesocosms. Possible bias by biological activity is assessd by 
parallel measurement of natural variations in N20 and will 
be discussed later in the manuscript. The conversion of mea-
sured N20 exchange rates to those of C02 and other gases 
is explained. We are providing a detailed description of the 
method and calculations including a discussion of prerequi-
sites to achieve high quality data. 
The measurement protocol and results are explained using 
a KOSMOS (Kiel Off Shore Mesocosm for Ocean Simula-
Biogeosciences, 10, 1379-1390, 2013 
tion, Fig. 1) experiment on ocean acidification in the Arctic 
as a model. Applicability of the method in the Kiel indoor 
mesocosm facility is further explained and discussed. 
2 Methods 
2.1 Setup of the Svalbard 2010 ocean acidification 
experiment 
Nine 15 m deep KOSMOS mesocosms, each with a diameter 
of 2m were moored end of May 2010 in the Kongsfjorden, 
Svalbard. Seven different C02 treatment concentrations were 
achieved through addition of C02 saturated seawater. While 
the ambient ( ~ 180 µatrn pC02) control treatment was repli-
cated twice, the seven enriched mesocosms followed a gradi-
ent up to ~ 1420 µatrn pC02. Development of the enclosed 
natural plankton community was followed for 30 days after 
C02 manipulation, including addition of inorganic nutrients 
on day 13. For more details see Riebesell et al. (2012) and 
Schulz et al. (2013). 
2.2 N20 addition 
One litre of saturated N20 solution (N20 medical, Air Liq-
uide, purity > 98 %) was prepared via bubbling of seawa-
ter for two days in a narrow measurement cylinder covered 
with Parafilm®. Amounts of the solution to be added to 
the mesocosm were calculated using solubility constants by 
Weiss and Price (1980) with respect to in situ salinities (S) 
and temperatures (T). The targeted concentrations of N20 
should be adapted to the setup in order to achieve meso-
cosm to air fluxes, which can be measured at good preci-
sion over reasonable time scales. Here, seawater tracer con-
centrations were chosen in accordance to the highest certifi-
cated reference material for N20 analyses available in our 
lab(~ 55 nrnol kg- 1 ). 
Assuming a background concentration of 13 nrnol kg- 1, 
40 nrnol kg- 1 of medical grade N20 was added. Based on 
experience, a surplus of approximately 20 % was added to 
the mesocosms to account for losses unavoidable during han-
dling of the solution. 
Addition of the solution to the mesocosms (about 1-
2 mL m-3) can be calculated according to the formulation: 




where Vact is the volume of N20 stock solution added (L), 
Vw the volume of the mesocosm (L), ad the desired addi-
tion (mol L -I), and KT s is the solubility constant by Weiss 
and Price (1980) for S and T of the N20 stock solution 
(mol L -I atrn- 1) prepared at a pressure, p (atrn), of one at-
mosphere. 
A syringe with a large inlet diameter was used to transfer 
the stock solution carefully. Filling of the syringe was done 
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Fig. I. Drawing of a KOSMOS mesocosm in the configuration used 
for the Svalbard experiment. 
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slowly as vacuum increases undesired outgassing of N20. 
The stock solution was first diluted with filtered seawater 
in 25 L carboys, which were filled almost to the rim. The 
content of the carboys was homogeneously distributed to the 
mesocosms by using the pumped injection device "Spider" 
(Riebesell et al., 2012). 
2.3 Sampling 
Three of the nine mesocosms were sampled every second day 
using integrating water samplers (IWS, Hydrobios). Equal 
amounts of sample were sucked into the sampling bottle at 
each depth between O and 12 m, electronically controlled via 
hydrostatic pressure sensors. These integrated water samples 
represent inventories of the 15 m deep water column. Tripli-
cate samples were drawn directly from the sampler. The wa-
ter was filled bubble free into 50 mL headspace vials via a 
hose reaching to the bottom of the vial. The vial volume was 
allowed to overflow about four times before closing. Vials 
were closed with butyl rubber plugs (N 20, Machery and 
Nagel), crimp sealed and stored at room temperature after 
addition of 50 µL of saturated mercury chloride solution . 
2.4 Measurement procedures 
Measurement of aquatic N20 concentrations was performed 
via gas chromatography (GC) with electron capture detec-
tion (Hewlett Packard 5890 II), using a headspace static 
equilibration procedure as described by Walter et al. (2006, 
precision ~ ±1.8%). The GC was equipped with a 61/1/8" 
stainless steel column packed with a 5 A molecular sieve 
(W. R. Grace & CO) and operated at a constant oven tem-
perature of 190 °C. A 95/5 argon-methane mixture (5.0, Air 
Liquide) was used as carrier gas. IOmL of helium (5.0, Air 
Liquide) headspace was added to the sample vials and later 
injected into the sample loop of the GC after equilibration 
was achieved by manual shaking and storage of the vials for 
at least 10 h at a temperature of 21 °C. Certified gas mix-
tures ofN20 in artificial air (Deuste Steininger GmbH) with 
mixing ratios of 87.2 ± 0.2, 318 ± 0.2 and 1002 ± 0.2 ppb as 
well as 1 : 1 dilutions with helium were used to construct cal-
ibration curves with a minimum of three data points close 
to sample concentrations. Headspace to water phase ratios in 
the vials was determined gravimetrically. 
Total dissolved inorganic carbon (CT) was determined via 
coulometric titration using a SOMMA system and total al-
kalinity (TAlk) via potentiometric titration (Dickson, 1981) 
(standard error of both methods ~ ±1 µmolkg- 1 ) . C02 con-
centrations, partial pressures and pH (total scale) were cal-
culated from CT and TAlk measurements with the program 
C02SYS by Lewis and Wallace (1995). For more details on 
carbonate chemistry see Bellerby et al. (2012). 
Determination of salinity and temperature in the meso-
cosms was performed with a data logger-equipped hand held 
multisensory CTD 60M (Sea and Sun Technology). Volume 
Biogeosciences, 10, 1379-1390, 2013 
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of the mesocosms was determined with the same instrument 
using sodium chloride additions of ""' 0.2 g kg- 1 as a tracer 
(Czerny et al . 2012b). 
Wmd velocity and direction measured at 10 m height on-
shore about one mile from the mooring site, were provided 
by the staff of the AWI-PEV Station in y Alesund. 
Atmospheric measurements of N20 and C02 were mea-
sured on close by Zeppelin Mountain (""' 4.5 km from the ex-
perimental side) and provided to us by the NOAA Carbon 
Cycles Gases Group in Boulder, CO, USA and ITM in Stock-
holm University, Sweden, for N20 and C02, respectively. 
3 Results and discussion 
Concentrations ofN20 added on day 4 decreased in the en-
riched mesocosms from initially measured ""' 50 nmol kg- 1 
on day 6 to ""' 30 nmol kg- 1 on day 28 (Fig. 2). Concen-
trations measured in the fjord close to the mesocosms were 
slightly oversaturated compared to atmospheric equilibrium 
values, calculated for in situ seawater T, S and atmospheric 
mixing ratios measured close by on Zeppelin Mountain. De-
spite variable wind conditions, the concentration decrease in-
side the mesocosms could be fitted (R2 = 0.96) using a stan-
dard diffusion relationship: 
(2) 
where the concentration of N20 (CN2o) is described as an 
exponential function of the sampling day (d). 
3.1 Calculation ofC02 fluxes from changes in N20 
concentrations 
Daily N20 fluxes were calculated from the fitted N20 con-
centration decrease over time and converted to volumet-
ric units. Changes in the N20 inventory, derived using the 
determined volume of the mesocosms (method described 
in Czerny et al., 2012b) were used to calculate fluxes in 
µmol cm- 2 h- 1 (FN2o) across the water surface according to 
lw1 - lw2 FN2o=----A · D.t (3) 
where lw1 is the fitted bulk water N20 inventory in µmol per 
mesocosm on t1 and lw2 on t2 with D.t as the time interval 
between t1 and t2 in h, while A is the nominal surface area 
of the mesocosm in cm2. A N20 transfer velocity (kN2o) in 
cm h- 1 is then calculated by dividing FN2o by the concentra-
tion gradient according to Eq. (4): 
FN20 kN20 = -------
(CN20 w - CN20 aw) 
(4) 
where CN2o w is the fitted bulk water N20 concentration 
(µmol cm-3) at the point in time and CN2o aw the calculated (Weiss and Price, 1980) equilibrium concentration of N20 
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Fig. 2. N20 concentrations during the experiment. Diamonds (o) 
represent the measured concentration inside the three examined 
mesocosms; blue squares (0) are fitted daily concentrations ac-
cording to equation 2, circles (o) are background N20 concentra-
tions measured in the surrounding fjord, triangles (L'.) are calcu-
lated equilibrium concentrations from atmospheric measurements 
at in situ T and S. Shaded areas indicate periods when waves (up to 
H113 = 0.8 m) occurred at the mooring site. 
with the atmosphere at prevailing bulk water T and S. Using 
bulk water concentrations to derive a surface diffusion gra-
dient perfect mixing of the mesocosm appears to be an ab-
solute requirement. Referring from N20 to inert gasses with 
air-sea gas exchange being the only exchange process, it is 
irrelevant whether exchange is limited by mixing processes 
close to the air-sea interface or within the water column. 
Yet, if a permanent stratification is formed inside the meso-
cosm, the decrease ofN20 bulk water concentration cannot 
be used to calculate mesocosm-atmosphere C02 exchange. 
Processes modulating the concentrations of biologically ac-
tive compounds such as C02 are usually variable along the 
light gradient. Therefore, due to shallow primary production, 
considerable differences in the surface gradient ofC02 might 
emerge compared to N20 surface gradients that are governed 
by diapycnal mixing. For stratified mesocosms, gas exchange 
calculations require the integration of information about ver-
tical distribution of tracer and gases of interest. Here, N20 
and C02 inventories have to be determined by integrated wa-
ter samples independently from surface gradients determined 
from discrete surface water samples. Regardless of the spe-
cific sampling strategy applied, it is imperative to use the 
same protocol for the tracer as for the gases of interest. 
Due to convection caused by slight temperature changes 
in the surrounding water (Fig. 5) and an evaporation induced 
salinity increase (Schulz et al., 2013), the mesocosms in the 
Svalbard KOSMOS study could be considered to be homo-
geneous on time scales relevant for air-sea gas exchange. 
N20 as well as C02 surface concentrations are therefore ad-
equately represented by bulk water measurements. 
kN2o can be translated into a transfer velocity for any other 
gas using its Schmidt numbers to correct for gas specific 
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properties as shown for the transfer coefficient of C02 (kco2 ) 
in Eq. (5): 
(5) 
Toe Schmidt number for N20 (SCN2o) published by Rhee 
(2000), and the Schmidt number for C02 (Sccei) derived 
from diffusion coefficients published by Ja.hoe et al. (1987) 
were used. Using this pair of Schmidt numbers, kco2 is gen-
erally less than l % smaller than kN2o, similarly to when both 
Schmidt numbers are derived from coefficients published by 
Jiihne et al. (1987). If both coefficients are taken from Wilke 
and Chang (1955) the difference is "' 10 % and can become 
larger than 25% if Scco2 from Wilke and Chang (1955) is 
paired with (SCN2o) derived from coefficients published by 
Broecker and Peng (1974). More recent wind and wave tank 
experiments have shown that a conversion of kN20 to kco2 
is not necessary as gas exchange of the two gases is indis-
tinguishable under conditions were chemical enhancement 
of C02 exchange is not relevant (Degre if, 2006). Fluxes for 
CQi (Fco2) can then be calculated by multiplication of kco2 
with the diffusion gradient between bulk water C02 concen-
trations (Cco2 w) and calculated equilibrium concentrations 
with the atmosphere (Cco2 .w) as 
(6) 
Daily C02 fluxes were calculated for the nine mesocosms 
within the Svalbard ocean acidification experiment (Fig. 3). 
In the first days after C02 addition was completed ( day 
4), maximum efflux of "'2 µmol C02 per kg seawater 
and day could be observed in the highest C02 treatment 
("' 1400 µatm) at a C02 gradient of"' 980 µatm. In the fol-
lowing two weeks, the C02 gradient was diminished by out-
gassing C02 in concert with biological uptake, so that fluxes 
on day 27 were considerably lower (gradient "' 450 µatm). 
Decrease of fluxes as a result of decreasing C02 gradients 
was less pronounced in the more moderately oversaturated 
mesocosms due to a higher buffer capacity of the carbonate 
system. About 0.5 µmol kg-1 d- 1 C02 gassed into the water 
from the atmosphere in the non-manipulated control treat-
ments (,..., 175 µatm). Here, biological uptake was roughly 
balanced by influx so that the gradient remained rather con-
stant over time. 
3.2 Chemical enhancement ofC02 air-sea gas 
exchange 
Another correction has to be applied to derive accurate C02 
fluxes in calm environments like the KOSMOS mesocosms. 
As C02 reacts with water, unlike N20, C02 gas exchange 
might be chemically enhanced due to buffering of diffu-
sive concentration change by equilibration reactions within 
the boundary layer. Other than inert gases, C02 diffuses 
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Fig. 3. Daily C02 fluxes for all C02 treatments over time. High 
C02 treatments are shown in red, medium in gray and low C02 are 
blue. Estimates include chemical enhancement according to Hover 
and Berkshire (1969). 
are not necessarily exchanged through the boundary layer, 
but can also be formed from bicarbonate close to the inter-
face. This applies only at low wind speeds and not when 
mixing is considerably faster because C02 hydration kinet-
ics are slow. Thus, chemical enhancement is thought to be 
rather insignificant under turbulent conditions relevant for 
open-ocean C02 exchange (e.g. when k > 5 cmh- 1), but ap-
plies to the conditions found inside the mesocosms (k "' 1.8-
2.5 cm h-1) (Wanninkhof and Knox, 1996). Moreover, the 
state of the carbonate system determines the extent of chem-
ical enhancement, being negligible at pH < 6 and substantial 
at pH > 8. In the Svalbard ocean acidification experiment, the 
treatment pH101 (total scale) ranged from 7.5 to 8.3 (Bellerby 
et al. , 2012), therefore chemical enhancement created a pH 
effect on carbon flows that must be considered. To correct 
for this, theoretical parameterisations by Hoover and Berk-
shire ( I 969) were chosen, as currently no empirical parame-
terisations exist sufficiently describing the process in natural 
seawater (Wanninkhof and Knox, 1996). The enhancement 
factor a, the ratio between chemical enhanced flux and not 
enhanced flux can be calculated using Eq. (7): 
r 
a= . [(r - 1) +tanh (Qz) I (Qz)] (7) 
Here, dimensionless r = l + [ H+ ]2 ( Kj K2 + Kj [ H+ ])- 1, 
with Kj and K2 being the first and second stoichiometric 
equilibrium constants for carbonic acid and [ H+) the pro-
ton concentration. Q = (rr v-1 ) 05 in cm- 1, where Dis the 
diffusion coefficient for C02 by Ja.hoe et al. (1987) and r 
describes the hydration of C02 either directly or via true car-
bonic acid. r in the unit s-1 can be calculated using Eq. (8): 
(8) 
with KC02 being the C02 hydration rate constant (s-1), 
KOH- is the C02 hydroxylation rate constant (L mo1- 1 s-1) 
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from Johnson (1 982) and K:V is the equiJjbrium constant for 
water. The boundary layer thickness z ( cm) can be calculated 
from determined transfer velocity (z = Dkco-z - 1) . AU con-
stants used here can be found in Zeebe and Wolf-Gladrow 
(2001 ). Using the Hoover and Berkshire (] 969) model, in-
put conditions similar to our experimental conditions in Sval-
bard (T = 5 °C, S = 35, z = 0.002 cm, pH101 = 8.2) result in 
enhancement of about 8 % (a = 1.082). For the same condi-
tions, but at a temperature of25 °C, C02 gas exchange would 
be enhanced by about 48 % (a = 1.479). 
Chemical enhancement factors using more complex mod-
els published by Quinn and Otto (1971), Emerson (1975), 
Smith ( 1985), and KeUer (1994) give very similar results 
to the Hoover and Berkshire (1969) model (Wanninkbof 
and Knox, 1996). Experimental data from tank experiments 
reproduce calculated chemical enhancement relatively well 
(i.e. Hoover and Berkshire, 1969; Liss, 1973; Wanninkbof 
and Knox, 1996; Degreif, 2006). The simple pH dependent 
fit derived from enhancement experiments in natural Baltic 
seawater published by Kuss and Schneider (2004) is not rec-
ommended for use, as influences of T , S and z are not con-
sidered. 
The relevance of chemical enhancement for open-ocean 
C02 exchange is controversial as the calculation of k from 
wind speed over the ocean itself still bears considerable un-
certainty. As k in our experiments is measured directly, com-
parability to experimental results is quite straight forward. 
Due to low temperatures during the Svalbard experiment, 
chemical enhancement of ,...., 3 to 7 % is very low (Fig. 7). 
The influence of about three degree warming during the ex-
periment in June 2010 is overall larger than the calculated 
difference arising from pH treatments (Fig. 4). Wrong pH-
dependent chemical enhancement could produce artificial 
treatment effects in the carbon budget estimates especially 
in warm water ocean acidification studies. NCP estimates 
within this experiment by Silyakova et al.(2012) and Czemy 
et al. (2012a) at arctic temperatures are relatively unaffected 
by enhancement of this magnitude and possible uncertainties 
therein. 
Evidence for a strong increase in chemical enhancement 
due to enzymatic catalysis by free carbonic anhydrases as 
suggested by Berger and Libby (1969) was not found in later 
experiments (Goldman and Dennett, 1983; Williams, 1983), 
but it might be interesting to reconsider this question in future 
mesocosm experiments. 
The lack of empirical data coverage on chemical enhance-
ment parameterisations in seawater poses the major quantita-
tive uncertainty for NCP estimates based on C02 air-sea gas 
exchange using the presented method. Especially in setups 
were temperatures are high, the proportion of C02 exchange 
relying on theoretical considerations is high compared to the 
directly measured flux. 
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Fig. 4. Chemical enhancement ofC02 compared to N20 according 
to Hover and Berkshire ( 1969) calculated for measured k, S, T and 
pH101 during the Svalbard experiment. High C02 treatments are 
red, medium are gray and low C02 are blue. The effect of pH101 
on chemical enhancement is indicated by the black arrow, while the 
effect of the ~ 3 °C temperature increase during the experiment is 
indicated by the red arrow. 
3.3 The choice of N20 as a gas exchange tracer and its 
biological stability 
The N20 molecule strongly resembles C02 in most physical 
properties; it has the same mass, nearly the same solubility 
and diffusivity. Other than C02, equilibrium reaction of N20 
with water lies strongly on the side of free N20 so that air-
sea gas exchange can be approximated as for inert gases. In 
laboratory experiments N20 is a perfect tracer for C02 gas 
exchange. Because of the similarity of both gases a conver-
sion of measured kN2o to kco2 is small and so are potential 
uncertainties. Wall effects relevant in laboratory experiments 
such as permeability or adhesion to plastic walls can be as-
sumed to be comparable between similar molecules. In open 
waters, background concentrations ofN20 are slightly vari-
able. Therefore, 3He and SF6 were used as gas exchange trac-
ers in open-ocean applications as they are highly inert, their 
natural background concentration and detection limit is very 
low so that measurement is possible also after considerable 
dilution. Despite many practical advantages of N20 in the 
application in mesocosms its prominent role as a biologically 
produced climate relevant trace gas is putting the inertness of 
N20 into question. 
The natural source of oceanic background N20 concen-
trations is biological production. N20 is produced predom-
inantly as a side product of nitrification, when ammonia is 
incompletely oxidised in the course of deep remineralisa-
tion at low oxygen concentrations. Yet, most parts of the 
ocean are near equilibrium with the atmosphere (mean global 
saturation 103 %) (see Bange et al., 1996 and references 
herein), whereas significant N20 oversaturation is predom-
inantly found in tropical regions rather than in cold and tem-
perate waters (Walter et al., 2006). Detectable nitrification 
in the euphotic zone was hypothesised to also be a source 
www.biogeosciences.net/10/13 79/2013/ 
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Fig. 5. Mean water temperatures between 0---12 m measured during 
the Svalbard experiment. The three examined mesocosms are shown 
as black symbols, while open circles represent measurements from 
the surrounding fjord. 
ofN20 (Dore and Karl, 1996; Santoro et al., 2010), but this 
was not yet directly observed. Physiological results (Goreau 
et al., 1980; Loescher et al. , 2012) suggest possible N20 pro-
duction by nitrification in fully oxygenated waters to be very 
low. However, even N20 production at relatively high sur-
face layer nitrification rates, as found in upwelling regions 
(Rees et al. , 2011 ), are orders of magnitudes too low to sig-
nifi.cantly bias the large fluxes caused by deliberate N20 ad-
dition. The only known pathway of biological N20 uptake 
as a reactive nitrogen species is by denitrifiers at anoxic con-
ditions ( <"" 10 µmol 02 kg- 1) (Zumft, 1997; Zamora et al., 
2012). Conditions favouring this process are unlikely to form 
in mesocosms and would result in a loss of the tracer (as N2) 
but not into utilisation of N20 as a nitrogen source. Side-
effects of N20 addition on biological activity in mesocosm 
experiments can therefore not be expected. Remineralisation 
of detritus at the bottom of the mesocosm could possibly be 
a source ofN20. Conditions allowing for extensive reminer-
alisation of accumulated organics inside pelagic mesocosms 
should thus be avoided. It is further strongly recommended to 
measure background natural N20 concentrations preferably 
inside non-enriched experimental units, because N20 is not 
considered as an inert gas. 
3.4 Lateral gas exchange by diffusion through 
mesocosm wall material 
Gas fluxes through the mesocosm walls can be calculated if 
temperature dependent permeability coefficients of the foil 
material and gases of interest are known. 
Fluxes through the wall (Fwa11) in mold-1 can be derived 
using the equation: 




Here D1 is the permeability coefficient at a given temperature 
in mol -µm atm- 1 m-2 d-1, !':l.p is the partial pressure differ-
ence between inside and outside in atm, A is the submerged 
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surface of the mesocosm walls in m2, t is the duration in days 
and Zm is the thickness of the material in µm . Turbulence of 
the media in and outside the mesocosm is not relevant to this 
diffusion gradient as permeation of the materials is generally 
orders of magnitude slower than removal and advection of 
gases in the media. 
Estimates of lateral gas exchange for the Svalbard experi-
ment were calculated based on permeability coefficients pub-
lished for Desmopan® 385, (Bayer). Desmopan® 385 is the 
raw material of our bag foil (Walopur®, Epurex Films). Di-
rect measurements for Walopur® are not available for C02 
and N20. Permeability for the specific temperatures was ex-
trapolated. 
For the experiments in the KOSMOS mesocosms, the frac-
tion of the measured gas flux due to permeability of the 
bag material was maximal on the order of 1-2 %. Fluxes 
are low because of the relatively thick foil (0.5 to I mm) at 
comparatively low temperatures. In the perspective of C02 
gas exchange estimates for carbon mass balance it is gen-
erally not interesting whether C02 exchanges through the 
walls or via the water surface. However, differences be-
tween N20 and C02 in the material specific permeability 
of the bags have the potential to cause systematic errors if 
exchange is largely through the foil and not with the atmo-
sphere. Such differences seemed at first unlikely because of 
the general similarity ofN20 and C02 in diffusivity and sol-
ubility, but permeability specifications for Desmopan® 385 
suggest a considerably higher permeability for N20 (27.1 
and 51.7mol · µm atrn- 1 m-2 d-1 forC02 and N20 at25 °C, 
respectively) (Bayer MaterialScience, TPU TechCentre). For 
the Svalbard experiment bias through lateral gas fluxes were 
not corrected, as the overall magnitude of these fluxes was 
negligible. The data basis in terms of permeability measure-
ments would not have allowed for an exact correction of 
such bias. A set of permeability measurements at a relevant 
temperature range would improve gas exchange estimates 
especially at temperatures above 10 °C. If thin foil is used 
for mesocosms, a material with good gas barrier properties 
should be chosen and exact permeabilities should be known 
for the gases of interest. 
When kN2o is translated into transfer velocities of poorly 
water soluble gases, dissolution and adhesion of those gases 
in and on the plastic material could cause a lateral sink of 
these substances in addition to the permeability issue. 
3.5 Sensibilities of the results towards uncertainties in 
measured variables 
Sensitivities of the overall resulting C02 fluxes to uncer-
tainties in the determination of the most important measured 
variables for the presented method were estimated (Table 1 ). 
Water temperatures are used on numerous occasions for the 
calculation of gas exchange rates, e.g. for the calculation of 
C02 from CT and TAik, for Schmidt numbers, for solubility 
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Table 1. Sensitivities of the overall resulting C0 2 fluxes to uncer-
tainties in the determination of the most important measured vari-
ables of the presented method. The effect of systematic N20 un-
derestimation was tested using an alternative fit including only up-
per end values from the Svalbard dataset. The influence of errors in 
co2 gradient determination is denoted for an intermediate gradient 
of 400 µatrn. 
Parameter Uncertainty Uncertainty 
in parameter in C02fluxes 
Sea surface temperature ±1 °C ±3 % 
Mesocosm volume ±1 % ±1 % 
Mesocosm surface ±1 % ±1 % 
Systematic error in Outliers due 0.26±0.29 % 
N20 measurement to losses 
during sampling 
Air-sea C02 gradient ±2 J.UTIOI in CT ±5 % 
and TAik 
and chemical enhancement. Errors in kco2 , in response to 
uncertainties in temperature, are mainly caused by the tem-
perature dependence of N20 solubility. Errors in resulting 
C02 fluxes are largely balanced by errors in C02 solubility 
calculated using identical temperatures. The remaining sen-
sitivity of3 % for 1 °C appears to be relatively low in respect 
of usually very precise temperature measurements using cur-
rent technology. It bas to be kept in mind that gas exchange 
is a continuous process; therefore, measurement frequency 
should be adequate for sufficient description ofrelevant tem-
perature changes during the entire duration of the experimen-
tal duration. At water temperatures above 10 °C, chemical 
enhancement corrections become important so that precise 
temperature records gain additional relevance. Uncertainties 
in mesocosm volume or surface area translate directly into er-
rors in calculated C02 fluxes (one to one%) when kco2 mea-
sured in one mesocosm is applied to calculate gas exchange 
in a parallel mesocosm with different volume or surface area. 
A random uncertainty in N20 determination of 1.8 % as de-
noted by Walter et al. (2006) would be averaged out due 
to the large number of fitted measurements. However, a hy-
pothetical systematic underestimation of N20 by including 
outliers possibly caused by N20 losses from oversaturated 
samples would influence kco2 • The effect of systematic N20 
underestimation was tested using an alternative fit including 
only upper end values. Resulting C02 fluxes differ by 0.7 % 
in the beginning of the experiment when N20 concentrations 
were high and roughly equal fluxes calculated including all 
N20 measurements at the end of the experiment. Maximum 
uncertainties in C02 fluxes of 5 % due to errors in the deter-
mination of air-sea C02 gradients are calculated on the basis 
of a maximum uncertainty of ±2 µmol kg- 1 in CT as well 
as TAik and an intermediate C02 gradient of "' 400 µatm. 
As absolute errors in C02 determination have to be seen in 
relation to the air- sea gradient, percentile errors are small 
Biogeosciences, 10, 1379-1390, 2013 
when gradients are large and vice versa. The effects of ran-
dom errors in C02 determination on uncertainties in cum • 
lative C02 mass flux over time are averaged out over time. 
A cumulative error of the applied constants cannot be given 
but it has to be highlighted that this is an additional source of 
uncertainty. Parameterisations of Schmidt numbers, solubil-
ity and rate constants, as well as diffusion coeffi cients cited 
in the text, were chosen to the best of our knowledge. 
3.6 Processes driving gas exchange in mesocosms 
The concentration of N20 (CN2o) decreased quite steadily 
over the whole experimental period (Fig. 2). This indicates 
that N20 fluxes were controlled by the diffusion gradient to 
the atmosphere. Variable external forcing by wind or waves 
as commonly observed in natural environments was of minor 
importance. Wind measurements at Bellevaja station at I O m 
above sea level (U10) reported velocities ofup to 5 m s-1 dur-
ing the experiment (Fig. 6). The water surface of the meso-
cosms, however, is sheltered from direct wind sheer by the 
two meter high plastic walls of the bag (Fig. 1; Riebesell et 
al. , 2012). 
Fetch, the distance wind could act on the water surface, 
was dependent on wind direction ( maximum of "' 10 nm 
in the Kongsfjorden). Waves that were able to propagate 
through the mesocosms (significant wave height (H113) up 
to "' 0.8 m) were only observed on the mooring site on three 
days when stronger winds were blowing along the fjord from 
southeast, the most exposed wind direction. Enhanced gas 
exchange during the days with waves could not be resolved 
by our measurements. However, C02 gas exchange inside 
the mesocosms was measured to be constantly about three 
times higher than calculated flux at zero wind as performed 
by Delille et al. (2005) (Fig. 7, stagnant film thickness cal-
culated according to Smith, 1985, chemical enhancement ac-
cording to Hoover and Berkshire, 1969). 
Applying a quadratic wind dependent function (Wan-
ninkhof, 1992) at constant wind speed of 3.15 m s- 1, result-
ing fluxes are very close to our empirical estimate over the 
whole period. Measured U1o wind speeds at the experimen-
tal site were generally lower than this (mean 2.1 m s-1 ), and 
accordingly calculated mean air- sea gas exchange was also 
lower outside in the fjord than inside the mesocosms. Com-
pared to relevant open-ocean gas transfer, estimated meso-
cosrn C02 transfer velocities between "' 1.9 to 2.5 cm h- 1 in 
the Svalbard experiment are low. They are within a gray zone 
of baseline gas exchange where buoyancy fluxes and chem-
ical enhancement contribute largely to gas exchange so that 
purely wind depended parameterisations are not applicable (Wanninkhof et al. , 2009). Additional factors can be argued 
to be driving gas exchange in mesocosms compared to open 
waters. Rinsing of the plastic walls when waves are propagat-
ing through the setup presumably leads to enhanced air-sea 
surface renewal compared to open water. Slight temperature 
changes in the surrounding water mass were immediately 
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Fig. 6. Wind speed and direction during the course of the exper-
iment, measured at 10 m height at Bayelva station, Ny Alesund. 
Waves (up to H113 = 0.8 m) were observed at the mooring site dur-
ing time intervals indicated by shaded areas, when relatively strong 
wind was blowing along the fjord from southeast. 
heating or cooling the bags (Fig. 5), this probably caused 
considerably enhanced buoyancy fluxes that kept the exper-
imental units relatively homogenous throughout the experi-
ment. Last but not least, the extensive daily sampling with 
water samplers and probes contributed to gas exchange by 
active perturbation of the mesocosm surface. 
3.7 Mesocosm proportions 
Transfer velocities (k) in other mesocosm setups deployed in 
more sheltered surroundings, standing on land or inside cli-
mate controlled rooms might be lower or higher, depending 
on methodology used for sampling, temperature control, ac-
tive mixing and gas specific permeability of the mesocosm 
material. Even more important than these influences on k, 
is the ratio between the mesocosm volume and its surface 
area (A/ V), when exchange rates are normalised to units of 
water (kg-1 or L - I) . In an exemplary 15 m deep KOSMOS 
mesocosm (Fig. 1 ), holding "'45 m3 of water, C02 gas ex-
change over 3.14m2 (A/V = 0.07) surface area is causing 
relatively moderate changes in aquatic concentrations despite 
large diffusion gradients (Fig. 3). Taking the example of the 
Kiel indoor mesocosm (Fig. 8a) of about 1.4 m3 at 2 m2 sur-
face (A/V = 1.4), concentration change in response to the 
same gas exchange flux is 20 times faster. Additionally, air-
sea gas exchange velocities are accelerated by continuous ac-
tive mixing, necessary to keep plankton organisms in suspen-
sion (Fig. 8a). While after 20 days "'50 % of the N20 added 
was still present during the Svalbard study (Fig. 1 ), the same 
tracer concentration was virtually gone after five days in the 
shallow indoor mesocosm (Fig. 8b) in the uncovered config-
uration. Here, inorganic carbon uptake by phytoplankton can 
be rapidly compensated by ingassing of C02 from the atmo-
sphere. Ocean acidification experiments in setups with A/ V 
www.biogeosciences.net/10/1379/2013/ 
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Fig. 7. Comparison of different approaches to estimate C0 2 air-
sea gas exchange. Daily ingassing rates in the low C02 control 
treatment ( average "' 180 µatm) are shown in blue, while outgassing 
from the highest C02 treatment (average "' 1085 µatm) is red. Filled 
symbols are estimates from the N20 tracer approach, circles ( •) 
for chemical enhanced flux and triangles(•) for non chemical en-
hanced flux. Open squares (0) are an estimate using a quadratic 
wind dependent function according to Wanninkhof (1992) at a con-
stant wind speed of 3.15 m s- 1, chosen to match the N20 results. 
Open circles ( o) are a chemically enhanced zero wind speed output, 
according to Smith (1985), while open triangles (L::.) are the same 
estimate without chemical enhancement. 
similar to the Kiel indoor mesocosm would lose their treat-
ment C02 within a few days. To maintain treatment levels in 
such shallow experiments, continuous measurement and con-
trol technology can be used (see e.g. Widdicombe and Need-
ham, 2007) . Resulting controlled treatment levels are ben-
eficial when physiological questions are investigated. How-
ever, C02 drawdown does not occur, and therefore DIC con-
centration change cannot be used to calculate NCP. Another 
option is to artificially decrease the surface area by cover-
ing the mesocosm with a low permeability transparent film. 
For comparison 50nmolkg-1 N20 was added to two Kiel 
indoor mesocosms, one in an uncovered configuration and 
one covered with a transparent floating foil to reduce surface 
in contact with the atmosphere (Fig. 8a). Both mesocosms 
were stirred at the same speed; samples were drawn using 
a tube. The thin polyurethane foil mounted on a light frame 
and floating on the surface, efficiently minimised air-sea gas 
exchange (Fig. 8b ). If covers are used, reducing the surface 
area to a minimum, it has to be considered that the remaining 
open surface should be equally large. As the working prin-
ciple of this approach is to minimise surface area, it can be 
assumed to be very sensible to the size of the remaining inter-
face (leaks). Therefore, air-sea gas exchange should be mea-
sured in all experimental units to check for reproducibility of 
results. 
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Fig. 8. (a) Schematic drawing of the Kiel indoor mesocosm. With 
stirrer, floating lid and sampling hose, below: vertical view on float-
ing foil lid with enforcement frame. (b) Comparison ofN20 tracer 
outgassing in a Kiel indoor mesocosm, between a simple uncovered 
setup (black) and a setup using a floating foil lid reducing the water 
surface area available for air-sea gas exchange (blue). 
4 Conclusion and outlook 
Direct measurement of N20 air-sea gas exchange can be 
used to estimate accurate C02 fluxes in various mesocosm 
setups, whereas common wind dependent parameterisations 
for air-sea gas exchange cannot be adapted to mesocosm 
conditions and their application is therefore prone to system-
atic errors. Within the mesocosm low energy physical sur-
rounding, N20 gas exchange measurements allow for direct 
estimation of C02 fluxes with uncertainties far below open-
ocean dual tracer measurements due to a known, constant 
water volume. Measured transfer velocities are within the 
range of zero wind open-ocean baseline velocities assumed 
to be dominated by chemical enhancement and buoyancy 
fluxes (Wanninkhof et al., 2009). The influence of sea surface 
micro layers of surface active organic molecules is discussed 
to be responsible for large discrepancies in gas exchange be-
tween productive coastal waters and open-ocean conditions 
(Frew, 1997; Kock et al., 2012). The decrease in open-ocean 
k by 20-50 %, due to surfactants smoothening wind effects 
on the water surface (Tsai and Liu, 2003), can be expected 
to be of minor relevance to mesocosm gas exchange where 
wind stress is not the dominating energy input. The effect 
of these surfactants, possibly produced in high amounts dur-
ing phytoplankton blooms in mesocosms, is difficult to in-
clude in theoretical calculations, but is inherently included 
in our direct measurements. Future mesocosm experiments 
combining the close observation of biological, chemical and 
physical processes might offer the opportunity to bring more 
light into origin and composition of organic surface micro-
layers. 
The application of gas exchange measurements for calcu-
lation of NCP inside the mesocosm delivered satisfying re-
sults. Of the four community production estimates published 
for the Svalbard 2010 experiment, NCP calculated from 
changes in dissolved inorganic carbon corrected for air-sea 
gas exchange (Czemy et al. , 2012a; Silyakova et al., 2012) 
Biogeosciences, 10, 1379-1390, 2013 
seems to be quantitatively most plausible. Although over-
all quantity compares relatively well with results from oxy-
gen and in situ 13 C- primary production estimates (Tanaka 
et al. , 2013; de Kluijver et al., 2013), comparability to 14c 
incubation data presented by Engel et al. (2012) is weak. 
Much higher 14C fixation rates can be plausibly explained 
by the shallow ("' I m) incubation depth, while oxygen incu-
bations obviously experienced more intermediate light and 
temperature conditions at"' 4 m depth. 13c tracer incorpora-
tion measurements inside the mesocosm deliver results rep-
resentative for the entire mesocosm but only for a period be-
fore organic matter approached saturation with the tracer (de 
Kluijver et al., 2013). Rates measured in side experiments 
are more useful to compare community production between 
the treatments rather than giving quantitative cumulative es-
timates for in situ carbon uptake (see discussion in Engel et 
al. , 2012). As incubations were performed only at one depth, 
it is impossible to integrate these data over time and depth in 
respect of variable light and temperature gradients. Summing 
up incubation results to achieve cumulative estimates could 
lead to further error propagation, whereas NCP calculated 
from in situ inorganic carbon measurements is per se cumu-
lative and propagation of single measurement errors cannot 
occur. 
Further development of the N20 tracer concept is focussed 
on using it not only to determine air-sea gas exchange in 
stratified mesocosms, but also to estimate diapycnal mixing 
between surface layer and deep water inside mesocosms. For 
this purpose, N20 gradients developing over time will be cor-
related to high resolution profiles of oxygen, pH and salinity, 
measured with CTD sensors. Especially in temperate turbid 
waters, mesocosm NCP is mostly not restricted by mesocosm 
length but by light penetration. The photoautotrophic surface 
layer communicates to some extent with a more nutrient rich 
deep layer where heterotrophic processes dominate. Budget-
ing these more naturally structured mesocosms is not only an 
interesting challenge, but will also introduce new ecological 
aspects connected to upward and downward elemental fluxes 
into the biogeochemical interpretation of the mesocosm sys-
tem. 
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Sediment sample processing 
Similar to many previous mesocosm setups, KOSMOS prior to 2010 used sediment traps placed 
within the mesocosm to quantify sinking material. Sediment data were found to be of a more 
qualitati e than quantitative nature. Within published experiments, sinking fluxes were 
calculated on the basis of those data often only when combining measured elemental 
composition with mass balance calculations based on water column data (Riebesell et al., 2008; 
Vadstein et al. , 2012). After analysing the frrst sediment dataset from the 2009 Baltic Sea 
experiment, problems in gathering qualitative data on sinking fluxes within the mesocosms 
became evident. Daily measured sediment quantities as well as elemental composition of the 
material were strongly variable, impeding publication of the dataset. A correlation to parallel 
water column data could hardly be detected. Variability was presumably caused by resuspension 
of already settled material and uneven distribution of sinking matter within the mesocosm. 
Sinking flux measurements were improved on several stages of the protocol for the 2010 
Svalbard experiment. Firstly, the collection of the sinking material was expanded from sampling 
a sub-unit of the bottom surface to a sediment trap covering the entire bottom surface. Secondly, 
the sampling method was improved in terms of technical reliability, sampling speed and most 
importantly in preserving the integrity of the sediment particles. Therefore the diameter of the 
extraction hoses was enlarged (from 5 to 10 mm) and the battery driven peristaltic pump was 
replaced by a hand operated vacuum system. This procedure keeps aggregates fairly intact 
instead of dispersing the sediment material within the attendant water. Blurry sediment samples 
with large parts of the aggregates dispersed can only be sampled by filtration techniques, 
impracticable at prevailing particle densities. Consequently, as a third innovation, the sample 
preservation and sub-sampling method was changed from a filtration technique as applied to 
water samples to a centrifugation technique taking advantage of particles sinking. 
The aim of the sediment processing technique, developed for the Svalbard 2010 experiment, was 
to quantitatively extract and homogenize all settling particles sampled from the mesocosm for 
representative sub-sampling. Even the largest sinking items e.g. dead juvenile fish are 
represented in all homogenized sub-samples analysed for this sampling day, instead of producing 
an outlier in one of the measurements. 
I 
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Figure 2.1. Processing of the sediment samples. a) 
Extraction of settled material in regular intervals, b) settling 
and decantation, c) centrifugation d) lyophilisation, e) 
embrittlement, t) grinding, g) warming, h) storage. 
Sedimented material collecting in the funnel tip at the 
bottom of KOSMOS mesocosms is extracted by 
applying a hand pumped vacuum on a 5 L glass bottle 
connected to a silicon rubber hose reaching from the 
sea surface down to the funnel tip (Fig. 2.la). The 
d) bottles with sediment material and attendant water are 





allowing extraction of the clear supernatant. In later 
experiments, a solution of FeCh together with NaOH 
was used to speed up aggregation by precipitating the 
small fraction of fine particles within the water phase 
(Fig. 2.1 b ). The dense material left is centrifuged to a 
compact pellet (Fig. 2.lc) and stored at -20 °C. Pellets 
are later dried by lyophilisation, avoiding evaporation 
or decay of sensitive organic compounds (Fig. 2.1 d). 
Prior to grinding, lipids and tough components within 
the dried material are embrittled by cooling with liquid 
nitrogen (Fig. 2.1 e ). A custom-built stainless steel ball 
mill is used for the grinding process (Fig. 2.1 t). After 
Figure modified after Boxhammer 2013 
warming to room temperature, the fine powder is 
transferred into storage vessels that are kept cold and dark (Fig. 2.lg, h).Elemental analyses for 
carbon, nitrogen, phosphorus and biogenic silica on sub-samples of the ground material show 
high reproducibility similar to homogenous reference material (Fig. 2.2). 
There is usually sufficient material available for test measurements and replication, and even 
repetition of entire analytic runs. After test analyses, sample size is adjusted to the required range 
for any specific analytical method. For the Svalbard 2010 experiment, ground material was 
analysed for inorganic and organic carbon, as well as total nitrogen, phosphorous and biogenic 
silica (Czerny et al., 2013). Furthermore, 813C elemental composition of specific fatty acids in 
the sediment was analysed to track the contribution of different food web components to sinking 
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flux after deliberate 13C enrichment in the water column (de K.luijver et al., 2013). HPLC (High 
Pressure Liquid Chromatography) analyses of phytopigments showed that pigments were well 
































Figure 2.2. Variation in carbon of replicate carbon measurements of five homogenised sediment samples 
(black dots) featuring carbon contents between 13 and 30 µmol*mg- 1C. Open circles represent five 
replicate measurements of acetanilide used as homogeneous reference material. Measurement of each 
-4mg sample and 0.4mg acetanilide in tin capsules was carried out using an elemental analyser 
(EuroVektor EA) according to Sharp (1974). 
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Abstract. Recent studies on the impacts of ocean acidifica-
tion on pelagic communities have identified changes in car-
bon to nutrient dynamics with related shifts in elemental sto-
ichiometry. In principle, mesocosm experiments provide the 
opportunity of determining temporal dynamics of all rele-
vant carbon and nutrient pools and, thus, calculating elemen-
tal budgets. In practice, attempts to budget mesocosm en-
closures are often hampered by uncertainties in some of the 
measured pools and fluxes, in particular due to uncertainties 
in constraining air-sea gas exchange, particle sinking, and 
wall growth. In an Arctic mesocosm study on ocean acidifi-
cation applying KOSMOS (Kiel Off-Shore Mesocosms for 
future Ocean Simulation), all relevant element pools and 
fluxes of carbon, nitrogen and phosphorus were measured, 
using an improved experimental design intended to narrow 
down the mentioned uncertainties. Water-column concentra-
tions of particulate and dissolved organic and inorganic mat-
ter were determined daily. New approaches for quantitative 
estimates of material sinking to the bottom of the mesocosms 
and gas exchange in 48 h temporal resolution as well as es-
timates of wall growth were developed to close the gaps in 
element budgets. However, losses elements from the budgets 
into a sum of insufficiently determined pools were detected, 
and are principally unavoidable in mesocosm investigation. 
The comparison of variability patterns of all single measured 
datasets revealed analytic precision to be the main issue in 
determination of budgets. Uncertainties in dissolved organic 
carbon (DOC), nitrogen (DON) and particulate organic phos-
phorus (POP) were much higher than the summed error in 
determination of the same elements in all other pools. With 
estimates provided for all other major elemental pools, mass 
balance calculations could be used to infer the temporal de-
velopment of DOC, DON and POP pools. 
Future elevated pC02 was found to enhance net au-
totrophic community carbon uptake in two of the three ex-
perimental phases but did not significantly affect particle ele-
mental composition. Enhanced carbon consumption appears 
to result in accumulation of dissolved organic carbon un-
der nutrient-recycling summer conditions. This carbon over-
consumption effect becomes evident from mass balance cal-
culations, but was too small to be resolved by direct measure-
ments of dissolved organic matter. Faster nutrient uptake by 
comparatively small algae at high C02 after nutrient addition 
resulted in reduced production rates under future ocean C02 
conditions at the end of the experiment. This C02 mediated 
shift towards smaller phytoplankton and enhanced cycling of 
dissolved matter restricted the development of larger phyto-
plankton, thus pushing the system towards a retention type 
food chain with overall negative effects on export potential. 
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1 Introduction 
Increasing atmospheric C02 concentration is the major man-
made geochemical perturbation characterising the anthro-
pocene (Doney, 2010; Revelle and Suess, 1957). Atmo-
spheric C02 partial pressure already increased by 40 % 
since the beginning of industrialisation, while rates of C02 
emissions are continuing to increase beyond most modelled 
worst-case scenarios, e.g. SRES (Special Report on Emis-
sions Scenarios) A IFI (Meehl et al., 2007; Friedlingstein et 
al., 2010). Correlations of increasing C02 concentrations to 
global warming are predictable and documented by current 
measurements as well as in the geological record (Hansen et 
al., 2006; Petit et al., 1999). About one third of the currently 
emitted C02 is dissolving in the world oceans, serving as a 
buffer for global climate change (Sabine et al., 2004). How-
ever, most of the absorbed C02 is accumulating in the surface 
ocean, separated from deep water masses by thermal stratifi-
cation, which will further strengthen under global warming. 
In surface waters, ocean carbonation (increasing C02 con-
centrations) and consequential ocean acidification (decreas-
ing pH) are affecting marine organisms, thereby modulating 
ecosystem functioning (Riebesell et al., 2009). A predomi-
nant geochemical function of the marine planktonic ecosys-
tem is the formation of organic matter from dissolved C02. 
Sinking of this organic matter, transporting carbon across 
barriers of physical mixing into the ocean interior is referred 
to as the biological carbon pump (Sarmiento and Le Quere, 
1996; Volk and Hoffert, 1985). Increasing temperatures af-
fect the ocean's function as a physical C02 sink, but acidi-
fication and carbonation are likely to impact also future bi-
ological carbon sequestration (Riebesell and Tortell, 2011; 
Gruber, 2011 ). 
The Arctic Ocean plays a key role in sequestration of an-
thropogenic carbon for several reasons. From the physical 
perspective, high solubility of C02 in cold water leads to a 
high physical sequestration potential of anthropogenic C02 
in areas of deep water formation. From the biological per-
spective, nutrient supply to the surface layer during winter 
deep mixing can promote pulses of high productivity with 
a large potential for carbon export via the biological pump 
(Lutz et al., 2007). Whether there is a net release or seques-
tration of atmospheric carbon depends on the carbon to nu-
trient ratio and sinking rate of the material exported after a 
mixing event. These properties are known to be highly vari-
able, depending on food web structure. Deep sedimentation 
events in the Arctic Ocean may occur when fast sinking par-
ticles are formed, i.e. through coagulation of diatom blooms 
(Klaas and Archer, 2002) or by pteropods and their sticky 
nets (Bathrnann et al., 1991 ). But efficient recycling of mate-
rial by a surface layer retention food web may keep export 
at a low level (von Bodungen et al., 1995). Ocean warm-
ing and acidification are expected to impact ecosystems par-
ticularly in Arctic regions. Sea-surface warming will likely 
result in elevated primary production due to a reduction of 
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sea ice cover and the shoaling of mixed layer depth in the 
light limited Arctic. Estimates for these effects of sea-surface 
warming are implemented in various global carbon flux mod-
els (Bopp et al., 2001; Sarmiento et al., 2004; Schrnittner et 
al., 2008), whereas effects of changing seawater carbonate 
chemistry and pH on Arctic community export production 
are more difficult to quantify. 
Ocean acidification and carbonation have the potential to 
directly affect ecosystem functioning in numerous ways. Of 
those, the adverse effect of future decreasing pH and carbon-
ate ion concentrations on marine calcification is the most in-
vestigated mechanism (Riebesell, 2004; Fabry et al., 2008). 
Pteropods and foraminifera, the only calcifying organisms of 
significant relevance to the high Arctic pelagic ecosystem ex-
amined, were found to be very sensitive to ocean acidifica-
tion (Comeau et al., 2009; Lombard et al., 2010; Lischka et 
al., 2011). Carbonation is also found to directly affect pho-
toautotrophic carbon fixation of cultured marine phytoplank-
ton and natural plankton assemblages (Riebesell and Tortell, 
2011 ). In most studies, elevated C02 is reported to enhance 
carbon fixation, however, C02 affinity differs between differ-
ent algal taxonomic groups (Reinfelder, 2011 ). In addition to 
effects of ocean carbonation on primary production, bacte-
rial enzymatic rates were found to be directly affected by de-
creasing seawater pH (Piontek et al., 2010). Moreover, chem-
ical speciation of potentially limiting micronutrients seems to 
be pH dependent in the range of projected ocean acidification 
(Millero et al., 2009). 
Increased inorganic carbon consumption in response to el-
evated pC02 was already found in incubated natural plank-
ton communities of the North Atlantic (Hein and Sand-
Jensen, 1997) and in mesocosm studies in a Norwegian Fjord 
compiled by Riebesell et al. (2008). C02 induced overcon-
sumption of carbon that was presumably exuded by phyto-
plankton cells in form of organic matter, which was mea-
sured as transparent exopolymer particles (TEP). The sticky 
carbon-rich TEP aggregated with other particles in the water 
column, thereby potentially increasing carbon export (Engel, 
2002; Engel et al., 2004a). Enrichment of carbon relative to 
nitrogen in the exported matter would cause a substantial in-
crease in the total amount of carbon sequestered in the future 
ocean (Oschlies, 2009). 
This study investigates the response of a natural Arctic 
plankton community, including all trophic levels from bac-
teria to millimetre-sized zooplankton, to changes in sea-
water carbonate chemistry. Treatment levels ranged from 
"'180 µatm C02, as prevailing during the early summer sit-
uation in the beginning of the experiment, over present day 
and year 2100 atmospheric projections to extreme values of 
up to 1420 µatm C02. Using tracer gas exchange measure-
ments and quantitative high resolution sediment sampling, 
we are able to present daily budget calculations for car-
bon, nitrogen, and phosphorus in all mesocosms. Mass bal-
ance calculations were used to crosscheck measured trends 
and to provide a quantitative evaluation of biogeochemical 
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flu.xes. A "Pool X" representing the carbon not reproducibly 
measured on a daily basis will be discussed to evaluate the 
performance of the applied methods and to identify prob-
lematic measurement parameters. Those parameters (DOC, 
DON and POP) will be then estimated based on mass balance 
calculations. C02-induced changes in carbon fluxes within 
the water column, towards export and in exchange with the 
atmosphere are detected using correlation statistics. The pre-
sented dataset focuses on carbon fixation and export, but 
is however too unspecific to provide detailed insights into 
ecosystem functioning. Based on the presented mass balance, 
elemental cycling and export is discussed with reference to 
publications on the same experiment, putting biogeochem-
istry in the context of the observed plankton community com-
position. 
2 Material and methods 
2.1 Experimental set-up 
Nine KOSMOS (Kiel Off-Shore Mesocosms for future 
Ocean Simulation) mesocosms were moored in the Kongs-
fjord, Svalbard (78°56.2' N, 11 °53.6' E). The enclosures 
were cylindrical polyurethane bags 2 m in diameter, 17 m 
long and reaching "' 15 m deep into the water. The bags 
were supported by a stainless steel and glass fibre flotation 
frame and weighted at the bottom with steel rings closable 
with polycarbonate watertight shutters. The bags reaching 
2 m above the water surface were open to the atmosphere. 
A spiked roof was mounted at the top to prevent birds from 
resting on the structures and introducing nutrients into the 
system (Fig. 1). The fjord water, enclosed by lowering of 
the bags on the 31 May 2010 (t-7), had a salinity of about 
34. The mesocosms contained a natural plankton community, 
though larger plankton and nekton were excluded using a net 
(3mm mesh size) covering the upper and lower opening of 
the mesocosms during filling. After simultaneous watertight 
closure of the systems on t-5, flotation rings (Fig. 1) were re-
leased from the bottom shutters to buoy upwards, unfolding 
funnel-type sediment traps of 2 m height. This upper ring of 
the funnel was of the same diameter as the bag (2m), there-
fore touching it on all sides. The rather tight fit of the funnel 
was chosen to minimise sediment losses at the sides but re-
sulted in"' 4.5 m3 of water below the funnel, which had only 
limited exchange with the bulk of enclosed water above the 
funnel. Depending on water/bag movement, water exchange 
between mesocosms and this "dead volume" happened on a 
timescale of days. Sediment lost into this dead volume was 
observed by divers to be very low (for calculated estimates 
see Table 1 ); nonetheless additions of dissolved substances 
(e.g. manipulations) to the water column had to mix with 
this dead volume before reliable budgets could be calculated. 
Pteropods of the species Limacina helicina, individually col-
lected in the fjord, were added to each mesocosm (100, 20 
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and 70 individuals on day t4, t5 and t6, respectively). Most 
of them died within a few days in the tight gap between 
sediment funnel and mesocosm wall. Dead pteropods were 
picked from sediment samples or ended up in the dead vol-
ume. For more detail on the set-up see Riebesell et al. (2013) 
and find detailed information on abiotic conditions and stand-
ing stock succession of phytoplankton, dissolved and partic-
ulate matter in Schulz et al. (2013). 
2.2 Manipulation 
The water volume enclosed in flexible wall mesocosms 
can vary by some percent and was therefore determined 
using small additions of a calibrated NaCl solution as a 
tracer ("' lmL L -I = 0.2 g L -I). Salinity measurements al-
lowed calculation of the enclosed water volume of each in-
dividual mesocosm with uncertainties of less than 1 % (Cz-
emy et al., 2013a). Measurements were performed twice, on 
t-4 and t4, because of considerable uncertainties in salin-
ity measured before the first tracer addition on t-4. Mea-
sured volumes were consulted to plan further manipulation 
steps and to calculate elemental budgets. From t-1 to t4, 
C02 enriched filtered seawater solution was added to achieve 
eight C02 treatments between 185 and 1420 µatm C02. span-
ning a pH gradient from 8.31 to 7 .51 (measured after mix-
ing with the dead volume on t8). The two "' 180 µatm C02 
"control" mesocosms were undersaturated with respect to at-
mospheric C02 at the time the mesocosms were deployed 
and were blank manipulated using 55 µm filtered fjord water. 
All mesocosms were enriched with N20 as a gas exchange 
tracer to a final concentration of"' 50 nmol kg- 1 on t4, when 
the second salt addition was performed. Before sampling 
on tl3, a seawater-based mixed nutrient solution, calculated 
for the volumes of each single mesocosm, was added to es-
tablish equal concentrations of N03 (5 µmolkg- 1 ), Po!-
(0.31 µmol kg- 1) and Sio~- (2.5 µmol kg-1) in all meso-
cosms. All additions were performed using the "Spider'' in-
jection system (Fig. la). For a more detailed description 
of the mesocosm manipulation technique see Riebesell et 
al. (2013). And for a description of inorganic nutrient dy-
namics see Schulz et al. (2013). 
2.3 Sampling 
The entire experiment from filling (t-7) to the last sampling 
of the mesocosms (t3 l) lasted 39 days. Sampling started at 
t-3, two days prior to the beginning of the C02 manipulation 
and lasted until t30 for most variables presented here. Daily 
water sampling for dissolved and particulate matter (repre-
senting total inorganic carbon (CT), dissolved inorganic ni-
trogen (DIN) and phosphorus (DIP), dissolved organic car-
bon (DOC), nitrogen (DON) and phosphorus (DOP), as well 
as particulate carbon (PC), organic nitrogen (PON) and phos-
phorus (POP)) was between 09:00 and 11 :00 LT (local time) 
from boats. Samples were taken using 5 L depth-integrating 
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Fig. I. Sketch of one of the nine experimental units. Total view of 
the mesocosm with (a) manipulation device "Spider" and (b) wall 
brush. 
water samplers (IWS, Hydrobios, Kiel, Germany) that de-
livered one mixed sample from the upper 12 m, represent-
ing total water-column inventories. Sampling depth was re-
stricted to 12 m to prevent dispersion of sediment from the 
2 m-high collecting funnel at the bottom of the mesocosms. 
Immediately after water collection, gas samples for N20 and 
carbonate chemistry (CT and total alkalinity (TAik)) were 
collected directly from the sampler into gas-tight bottles. 
The rest of the water was transferred into 20 L polyethy-
lene carboys using a silicon tube. Carboys were transported 
into the lab, screening them from sunlight using black plastic 
foil. Samples for dissolved and particulate matter were sub-
sampled from carboys. Vertical (0-12 m depth) Apstein net 
hauls ( opening 0 17 cm, mesh size 55 µm) were performed to 
determine zooplankton abundance and biomass. To minimise 
effects on zooplankton density, samples were taken only once 
per week (days t-2, t2, tl 1, t18, t24 and t30). For more details 
see Niehoff et al. (2013). 
Sediment was sampled every other day using silicone 
tubes (lOmm inner diameter) connecting the tips of the sed-
iment funnels to the water surface (Fig. 1 ). Sediment dis-
persed in approximately 3 L of water was drawn from the 
silicone tube into a glass bottle under low vacuum pressure. 
After gravimetric determination of the sediment-water vol-
ume sampled, 20 to 30 mL sub-samples for microscopic in-
spection were taken with a pipette from the stirred bottles. 
For bulk chemical analyses (PC, PON, POP and biogenic sil-
ica (BSi)), particles were concentrated by settling and cen-
trifugation, and the resulting compact sediment pellets were 
frozen at -80 °C. 
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2.4 Measurement procedures 
Aliquots of water samples for analyses of chlorophyll a 
(Chi a; 250-500mL), PC, PON and POP (400-500 mL) 
were filtered under low vacuum (200mbar) on glass fibre 
filters (Whatman GF IF 25 mm 0, pre-combusted at 450 °C 
for 5h) and stored frozen at -20 °C. Chi a was determined 
fluorometrically according to Welschmeyer (1994) using a 
Turner fluorometer l 0-AU (Turner BioSystems). Quantifica-
tion of PC and PON was carried out using an elemental anal-
yser (EuroVektor EA) according to Sharp (1974). POP and 
BSi was determined following the method by Hansen and 
Koroleff in Grasshoff et al. ( 1983). For POP this method was 
modified to the measurement of samples on glass fibre filters . 
Here, particulate matter was completely oxidised by heating 
the filters in 50 mL glass bottles with 40 mL of purified water 
and the reagent Oxisolv (Merck) in a pressure cooker. Solu-
tions were measured colorimetrically on a Hitachi U 2000 
spectrophotometer. DOC, DON and DOP were determined 
from filtered (Whatman GF/F 25 mm 0, pre-combusted at 
450 °C for 5 h) water samples. DOC was analysed on a Shi-
madzu TOCvcN using the HTCO (high-temperature catalytic 
oxidation) method (Qian and Mopper, 1996); for details see 
Engel et al. (2013). DON and DOP were oxidised as de-
scribed for POP and subsequently measured as inorganic 
nutrients, for nitrate (N03), nitrite (N02) and phosphate 
(PO~-) according to Hansen and Koroleff (1999), and for 
ammonia (NHt) according to Holmes et al. (1999). The sum 
ofN03, N02 and NHt is presented as dissolved inorganic 
nitrogen (DIN). For a more detailed description of particu-
late matter (POM) and dissolved organic matter (DOM) and 
inorganic matter (DIM) analyses see Schulz et al. (2013). CT 
was determined via coulometric titration using a SOMMA 
(Single Operator Multiparameter Metabolic Analyser) sys-
tem, and TAik via potentiometric titration (Dickson, 1981). 
C02 concentrations, partial pressures and pH (total scale) 
were calculated from CT and TAik measurements with the 
program C02SYS by Lewis and Wallace (1998). For more 
details on carbonate chemistry see Bellerby et al. (2012). 
Frozen sediment pellets were freeze dried at a pressure of 
,.._, 50 mbar for 1- 2 days without additional heat input until 
room temperature was reached. Subsequently, the dried sed-
iment was ground in a stainless steel ball mill at low temper-
atures using liquid nitrogen to cool the sample before grind-
ing. Sub-samples adjusted to the analytic measurement range 
( 5-10 mg) were weighed on a precision scale. Analyses of 
particulate matter were performed as described above for PC, 
PON, POP and BSi on filters. 20 to 30 mL sub-samples of 
the sediment suspension, as well as samples from vertical 
net hauls were analysed for zooplankton composition, abun-
dance and biomass under a dissecting microscope. At the 
same time, sediment samples were also inspected for general 
composition (detritus and phytoplankton). Zooplankton was 
sorted into tin cups for bulk carbon and nitrogen analyses as 
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described above for water-column PC and PON. For more 
details on zooplankton analyses see Niehoff et al.(2013). 
2.5 COi gas exchange estimate 
Daily air-sea gas exchange velocities (k) were estimated us-
ing N20 as a gas tracer. Calculations were based on fitted 
concentration decrease inside the mesocosm in relation to 
calculated equilibrium concentrations estimated using wa-
ter T / S and atmospheric N20 concentrations monitored on 
Zeppelin Mountain ("' 4 km distance from the experimental 
site). Daily C02 fluxes were calculated using k (adapted to 
C0 2 using published Schmidt numbers) together with C02 
air-sea diffusion gradients. C02 gradients were derived from 
bulk aquatic C02 concentrations calculated from CT and AT 
as well as estimated using bulk water T / S and atmospheric 
C0 2 concentrations recorded on Zeppelin Mountain. Correc-
tions for chemical enhancement by Hoover and Berkshire 
(1 969) were applied. For a detailed discussion on gas ex-
change measurements in mesocosms including complete ref-
erences on used constants see Czemy et al. (2013b). Zeppelin 
Mountain atmospheric data were provided by Thomas Con-
way from the NOAA Carbon Cycles Gases Group in Boul-
der, US, and Johan Strom from ITM (Department of Applied 
Environmental Science), Stockholm University, Sweden; at-
mospheric N20 and C02 measurements, respectively. 
2.6 Wall growth estimate 
After sampling on the last day of the experiment (t30), a spe-
cial brush (Fig. 1 b) was used to mechanically remove and 
suspend biomass growing on the inner surface of the meso-
cosm bag as described in Riebesell et al. (2013). The de-
tached biomass was then quantified by POM measurements 
of the water column before and right after brushing as de-
scribed above. 
2. 7 Data presentation 
Budget calculations for carbon (C), nitrogen (N) and phos-
phorus (P) are based on changes in pool sizes over time 
(t.pool) relative to a reference point in time. The addition 
of C02 enriched seawater caused major changes in the CT 
budget that could only be precisely quantified by direct mea-
surements of CT inside the mesocosms. The earliest refer-
ence points for CT budgets were measured after complete 
mixing of the water column above and below the sediment 
traps. In the high C02 mesocosms this took until t8, while 
CT values were found to be stable in the non-manipulated 
control and in some low C02 mesocosms earlier. N and P 
budgets were calculated starting on t13, after inorganic nutri-
ents were added. As a reference value for ti.DIN and ti.DIP 
from tl3 onwards, concentrations measured on t12 plus the 
known amounts of added inorganic nutrients were used. This 
particular reference point was chosen because, in this way, 
budget calculation could be started on the day of nutrient ad-
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dition, e.g. before the added nutrients were fully mixed into 
the dead volume below the sediment traps (see Sect. 2.1 ). For 
dissolved and particulate organic matter, starting values (tO, 
t8, tl3, t20) for the analysed phases were obtained by aver-
aging measured concentrations of the respective days with 
those of the days before and after. As measurement precision 
for inorganic matter is much higher than for organic material, 
averaging over three consecutive days was not needed and 
the concentrations of dissolved inorganic pools measured on 
the reference days were used as starting values. 
Measured changes in inorganic matter that cannot be ac-
counted for by the combined changes in pools of dissolved 
and particulate organic matter, cumulative gas exchange and 
sedimentation were assigned as "Pool X", representing a 
combination of measurement errors and the following pools 
unaccounted for in daily sampling: (1) a small amount of 
sedimented material accumulated in the space surrounding 
the sediment trap ( dead volume) that could not be sampled. 
(2) A biofilm growing on the mesocosm walls became visible 
towards the end of the experiment. The size of this pool was 
estimated from water-column measurements taken immedi-
ately before and after brushing the mesocosm walls. (3) Fast-
swimming zooplankton such as copepods were not quanti-
tatively sampled with the depth-integrating sampler and are 
therefore not adequately represented in PCIPON/POP mea-
surements. Biomass of zooplankton larger than 55 µro was 
estimated by weekly Apstein net hauls. Estimates for these 
three contributors to Pool X within the three phases of the 
experiment are based on theoretical considerations combined 
with available data on wall growth, zooplankton, and sed-
iments (Table 1 ). Due to a rather constant elemental com-
position of particulate matter close to Redfield ratios of 
106 / 16 / 1, those uncertainties in nitrogen and phosphorus are 
proportionally smaller than presented uncertainties in carbon 
(data not shown). 
Corrections for the effect of water evaporation on dis-
solved and particulate matter concentrations as well as cor-
rections for the effect of sampling-derived volume decrease 
on the calculation of air-sea and sediment fluxes were not 
included to keep calculations traceable. With a range of 
"' 0.2 % and "' 1 %, respectively, over the whole experiment, 
corrections are below the detection limit of most of the ap-
plied methods. Moreover, the effects of small changes in wa-
ter volume would be identical in all mesocosms. 
Changes in Pool X (ti.XcJNIP) were calculated for the three 
phases of the experiment as the summed amount of changes 
in all major pools as: 
t.Xc = ti.CT + ti.GX + ti.PC + ti.DOC + ti.Sedc , (1) 
t.XN = ti.DIN + ti.PON + ti.DON + ti.SedN, (2) 
t.Xp = ti.DIP + ti.POP + ti.DOP + ti.Sedp . (3) 
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Table I. Estimates for the contribution of undetermined carbon pools (or not daily determined pools) to Pool X or ll.DOCcalc· Sediment 
losses were estimated on the basis of the ratio of areas of funnel opening relative to the gap around the funnel and the average cumulati, e 
sediment trapped during each phase. The area from which particles would collect in the gap was estimated as radius x length of the sediment 
trap flotation ring. Copepod biomass changes were estimated from average counts and carbon content determined from weekly net hauls. The 
depicted value was calculated assuming copepods were not at all represented in the particulate carbon measurements from water samples. 
\\'all gro,\1h for phases II and III (after nutrient addition) was estimated, assuming exponential growth of the wall-grmm carbon measured 
on t30 (8.31 ± 3.1 µmol kg- 1) at rates of I to 0.3 per day (Hagseth et al., 1992). "Maximum contribution ofundetermined pools"' depicts the 
sum of estimated mean changes within the three listed pools plus one standard deviation, or in the case of wall growth, the largest estimate. 
Phase I II III 
[µmolkg- 1] [µmolkg- 1] [µmolkg- 1] 
Sediment lost into dead volume 0.046 ± 0.007 0.10±0.015 0.17 ±0.063 
Copepod biomass changes 0.0+0.ll 0.26±0.43 1.1 l ± 0.78 
Wall growth none 0.081 to 0.82 1.0 to 3.4 
Maximum contribution of 0.12 l.63 5.52 
undetermined pools 
Observed range of ll.DOCcalc -0.93 to l l.09 - 7.02 to 8.81 19.32 to 30.5 
on the last day of the phase 
With t:;.CT = change in total inorganic carbon concentra-
tions, !::;. GX = cumulative exchange of carbon with the atmo-
sphere (flux in= negative/out= positive), t:;.PC = change in 
total particulate carbon concentrations, t:;.DOC = change in 
dissolved organic carbon concentrations, t:;.Sed = cumulative 
amounts of the respective element found in the sediment 
trap, t:;.DIN = change in dissolved inorganic nitrogen con-
centrations, t:;.PON = change in particulate organic nitrogen 
concentrations, t:;.DON = change in dissolved organic nitro-
gen concentrations, t:;.DIP = change in dissolved inorganic 
phosphorus concentrations, t:;.POP = change in particulate 
organic phosphorus concentrations, t:;.DOP = change in dis-
solved organic phosphorus concentrations. 
Pool X should be ideally zero as changes in one of its com-
ponents should always be balanced by changes in one or sev-
eral others. To trace back the source of changes in Pool X, re-
gression analyses were performed, thus testing the degree of 
variance in all daily Pool X within each phase to be explained 
by changes in each of the single components on correspond-
ing days (Fig. 2, Table 2). In this way, unexplained variabil-
ity in measured concentrations of DOC, DON and POP were 
found to explain most of the variability in Pool X for carbon, 
nitrogen and phosphorus, respectively. Therefore mass bal-
ance calculations were used to estimate possible changes in 
DOC, DON and POP on the basis of all other budget com-
ponents. Those estimates are presented as DOCca1c, DONcalc 
and POPcalc· Bias in these estimates, composed of summed 
measurement uncertainties and errors in the combined vari-
ables as well as undetermined pools (Table 1 ), is consider-
ably lower than measurement errors in DOC, DON and POP. 
Thus, estimates of DOCcalc, DONcalc and POPca1c were 
calculated using mass balances according to the following 
equations: 
t:;.DOCcalc = t:;.CT + t:;.GX + t:;.PC + t:;.Sedc, (4) 
Biogeosciences, 10, 3109-3125, 2013 
t:;.DONcalc = t:;.DIN + t:;.PON + t:;.SedN, (5) 
t:;.POPcalc = t:;.DIP+ t:;.DOP+ t:;.Sedp. (6) 
As sediment traps were sampled every other day, measured 
values were linearly interpolated for days in between. Also 
missing data points of other parameters were linearly interpo-
lated between preceding and subsequent measurements. This 
applies for DON and DOP of all mesocosms on tl6 and tl9 
and for 8 single data points of DOC. 
2.8 Statistics 
The set-up with 8 different C02 treatment levels and no repli-
cation of treated mesocosms was designed for regression 
analyses. Delta values of all tested phases are calculated us-
ing the first day of the respective phase as a reference point. 
Means of changes in measurement parameters (/::;.values) of 
single mesocosms during the three phases of the experiment 
were plotted against mean pC02 in the mesocosms during 
that specific phase. The null hypothesis that the overall slope 
is zero and that there is no linear relationship between treat-
ment pC02 and mean !::;. values was statistically tested with 
an F test. Data satisfied assumptions for normal distribution, 
as confirmed by a Shapiro-Wilk test. Analyses were per-
formed using the program Statistica 6.0 (StatSoft Inc., Tulsa, 
USA). The same statistical procedure was applied to regres-
sion of Pool X to single budget components. 
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Table~· Linear regre:sio~ of da!ly Pool X of all ~esoc~sms _during each ph:ise versus corresponding budget components (see Fig. 2). 
Coefficients of determmation depict the share of variances m daily Pool X explamed by variances in the datasets it is based on. 




















The experiment can be divided into three phases of au-
totrophic bloom development. An increase in Chi a (Fig. 3) 
started in all mesocosms already during C02 manipulation 
and peaked on t7. A C02 effect on Chi a concentrations dur-
ing phase I was not observed. After nutrient addition (tl3), 
there was a lag phase of 2 to 3 days until Chi a started to 
increase. Phase I carbon budget-calculation starts on t8, just 
after the phase I peak, and is thus describing processes dur-
ing the bloom decay until t15. During phase II, from t13 
onwards, large parts of added inorganic nutrients were con-
sumed and budgets for C, N and P were calculated for build-
up and decay of the second bloom peak until t20. Here, the 
Chi a peak of the high C02 treatments was higher than the 
one at intermediate and low C02 levels. During phase III, 
starting on t20, Chi a at low and intermediate C02 started 
to increase exponentially, reaching maximum concentrations 
on t27 and declining thereafter. In contrast, at high pC02 
Chi a increased more slowly, not reaching peak values until 
the end of the experiment. 
Maximal Chi a concentrations of ,...., 3 µg L - I during the 
course of the experiment are rather low considering the 
5 µmolkg- 1 N03 and 0.32 µmolkg- 1 Po~- added. Chi a 
concentrations were transformed into estimates of organic 
carbon for the autotrophic community using Chi a to car-
bon ratios by Li et al. (2010), with 0.02 g Chi a g c-1 for 
a phytoplankton community with low contribution of di-
atoms. Transformation reveals that the contribution of pho-
toautotrophic biomass (up to 15 µmolkg- 1 C) to the stand-
ing stock of particulate carbon, PC, (up to 40 µmolkg- 1) was 
rather low. 
3.2 Carbon budget of the replicated control treatment 
In Fig. 4 carbon pools of the untreated control mesocosms 
are plotted over the entire period of the experiment. The 
bloom development as displayed in Chi a (Fig. 3) is mirrored 
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Fig. 2. Linear regression of changes in all daily total Pool X 
(:EtlPC, tlDOC, tlCT, tlSed, tlGX) estimates within phase II to 
corresponding changes in measured DOC on the same days can 
be used to identify measured quantities of DOC to be unrealistic. 
Regression results of total Pool X to other carbon pools are given 
within Table 2. 
biomass was rather low (Fig. 4a). Until t8, autotrophic uptake 
of inorganic carbon resulted in a simultaneous decrease of 
~CT, which was partly compensated by in-gassing of C02 
from the atmosphere. Hereafter biomass decreased and PC 
was partly respired back into the CT pool, sedimenting out or 
being released as DOCcalc· Three days after the addition of 
inorganic nutrients (t16 up to t19), ~PC build up combined 
with sedimentation was not leading to changes in ~CT but 
was compensated by C02 entering the mesocosms from the 
atmosphere. During the first 19 days, the sum of particulate 
carbon produced in the control mesocosms roughly equalled 
the sum of inorganic carbon consumed, indicated by DOCcalc 
approaching zero during this period. Measured DOC values 
are included in Fig. 4b. Apparently, day-to-day variability in 
this dataset is much larger than the amount of carbon po-
tentially available for the formation of DOC. This is evident 
from the sum of other measured carbon species shown as 
DOCcalc in Fig. 4a. Parallel variations of Pool X to DOC data 
(Figs. 2, 4b) identify measurement results to be unrealistic. 
As shown in Fig. 4c, the temporal development ofDOCcalc 
in the two control treatments was very similar. Variability of 
DOCcalc during most of the experimental time was relatively 
small (DOCcalc was on average -0.43 ± 2. 7 µmol kg-1 for 
Biogeosciences, 10, 3109-3125, 2013 
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Fig. 3. Development of chlorophyll a concentrations during the 
course of the experiment. C02 partial pressures given in the fig-
ure legend are mean values for the experiment ( day 8-26). High 
pC02 is denoted in red, intermediate in grey and low levels in blue. 
Within these categories, circles symbolise the lowest, triangles in-
termediate and squares the highest treatment pC02 level. The blue 
dashed line marks the nutrient addition (tl 3) at the end of phase I. 
The black dashed line denotes the end of phase II comprising the 
second bloom peak, phase III corresponds to the third bloom un-
til the end of measurements. Arrows depict time periods used for 
statistical analyses. 
the two controls until t19). Bias ofDOCcalc estimates given 
in Table 1 could have caused a gradual increase in the 
DOCca1c of maximum 1.8 µmol kg- 1 for this period. From 
t19 to t27, a phytoplankton bloom developed in the meso-
cosms, extensively consuming inorganic carbon. Increasing 
LiPC values and cumulative sedimentation did not balance 
the sum of 44 µmol kg- 1 CT taken up from the dissolved 
pool plus the C02 entering from the atmosphere (Fig. 4a). It 
therefore required 19 µmol kg- 1 DOCcalc to close the carbon 
budget on t27. Within this period, biomass growing attached 
to the walls became visible and was estimated to account 
for 8.3 ± 3.1 µmol kg- 1 of Pool X on t30 averaged over all 
mesocosms. This biomass was extrapolated back to the two 
nutrient-replete phases of the experiment based on assumed 
exponential growth at rates between 0.3 and 1.0, typical for 
ice algae communities (Hagseth et al., 1992). Even at the 
rather low growth rates, most of the wall grown biomass de-
veloped within the last few days before measurement, thus 
contributed shares to community biomass were negligible 
during phase I and II and moderate during phase III (Ta-
ble 1 ). It has to be therefore assumed that carbon missing 
from the budget is largely dissolved organic carbon shown as 
DOCcalc· Only for phase III DOCcalc should be interpreted 
with caution. On the last sampling day (t27) undetermined 
pools (mainly wall growth) might have been contributing up 
to 5.5 of the 19 µmolkg- 1 DOCcalc· Visual inspections by 
divers indicated that large parts of wall growth were removed 
by the brushing technique, but measurements most likely un-
derestimated wall growth. 
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Fig. 4. Temporal development of carbon pools in the control treat· 
ment. (a) shows daily measured differences in particulate carbon 
(6.PC), total inorganic carbon (6.CT), dissolved organic carbon cal-
culated from mass balance (DOCcaic), cumulative sedimented car-
bon (Sed) and C02 gas exchange (GX) relative to day zero for the 
lowest C02 treatment (l 75 µatm). In (b), measured changes in dis-
solved organic carbon (6.DOC) and Pool X (the carbon fraction that 
cannot be accounted for by changes in combined daily measured 
pools) are included. (c) compares DOCcalc of the 175 µatm treat-
ment with DOCcalc of the second control mesocosm (180 µatm). 
The black dashed line denotes the end of phase II comprising the 
second bloom peak; phase III corresponds to the third bloom until 
the end of measurements. 
3.3 C02 effects on carbon budgets 
Changes in inorganic carbon concentrations between t8 and 
t27 (Fig. 5a) are correlated to C02 levels with the high-
est C02 treatment showing the strongest decrease in CT. At 
high pC02 the decrease was rather linear over time, whereas 
there was only a minor change in CT concentrations in the 
low C02 treatments during the first 12 days of this period. 
Most of these C02-related differences were caused by gas 
exchange with the atmosphere. One third (24 µmol kg- 1) 
of the CT decrease at the highest C02 over the whole 
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Fig. 5. Temporal development of carbon pools in all treatments 
relative to day 8. Changes in dissolved inorganic carbon (ilCT) 
(a) corrected for gas exchange C02ax (b) can be used to calcu-
late biologically mediated changes in inorganic carbon concentra-
tions (llCTax) (c).This production estimate together with changes 
in particulate carbon (ilPC) (d) and cumulative sedimentation of 
particulate carbon (Sed) (e) were used to estimate dissolved organic 
carbon from mass balance Ll DOCcalc (t). C02 treatment levels and 
vertical dashed lines are coded as described for Fig. 3. 
experiment can be attributed to outgassing, whereas about 
25% (10 µmolkg- 1) of the carbon consumed in the lowest 
C02 treatments entered from the atmosphere (Fig. 5b). The 
gas exchange corrected variation of ~CT (Fig. 5c), ~CTax 
is an approximation for biological net inorganic carbon fix-
ation, as calcification was negligible during the experiment 
(Silyakova et al., 2012). Approximately equal amounts of in-
organic carbon were consumed biologically in all treatments 
between t8 and t27. However, uptake rates often strongly dif-
fered among C02 treatments. CT was taken up immediately 
and rather continuously at high C02. At low C02, there was a 
considerable lag phase until t20, but then net uptake rates ex-
ceeded rates at high C02, so that all treatments ended up with 
similar uptake at the end of phase III. Overall, ~PC build-
up calculated from t8, with maximal 10 µmol kg- 1 (Fig. 5d), 
was rather small compared to net carbon uptake ~CTax 
of "'40 µmol kg- 1 . Cumulative sedimentation can only ac-
count for half as much as ~PC build-up (up to 5 µmol kg- 1, 
Fig. 5e). As the build-up of both measured particulate carbon 
species (~PC and sediment) cannot explain the measured 
drawdown in ~CTax, ~DOCcalc is accumulating over time 
(Fig. 5f). 
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3.4 Phase I 
By separating the budget into three phases of the experiment, 
changes in elemental pools in the nine mesocosms can be 
directly compared using regression analyses . 
Because inorganic nutrients were low at the beginning of 
phase I, there was no apparent uptake and inorganic nutrient 
budgets were thus not calculated. However, ~CT GX (Fig. 6a) 
showed a relatively strong decrease of inorganic carbon at 
high C02 compared to net heterotrophic production at low 
C02 . This highly significant C02 effect on carbon uptake 
was not reflected in particulate carbon accumulation (Fig. 6b, 
Table 3). ~PC was decreasing from the t8 bloom peak, while 
sedimentation was equally low in all treatments. This trans-
lates into a significant positive correlation of ~DOCcalc to 
C02 in phase I (Table 3), causing an offset towards elevated 
~DOCcalc at high C02 that persisted over most of the exper-
imental time (Fig. 5f). 
3.5 Phase II 
During phase II, dissolved inorganic matter (DIM) concen-
trations, comprising inorganic carbon (Fig. 6e) together with 
inorganic nutrients, decreased significantly stronger at high 
C02 (Table 3). Although statistical tests could not detect 
a significant C02-related increase in all pools of dissolved 
and particulate organic matter, significant positive trends in 
Chl a (Fig. 3), ~PON, ~DOP and ~DOCcalc (Fig. 6h, Ta-
ble 3) suggest a general positive effect of C02 on phyto-
plankton production during phase II. Mass balance indicates 
that surplus carbon taken up at high C02 accumulated in 
the dissolved organic pool (~DOCcaic), while nitrogen re-
mained mainly in the particulate fraction and phosphorus 
was almost equally partitioned between both the particulate 
and dissolved organic pool (Table 3). The small sedimenta-
tion event peaking on tl6 can be mainly allocated to Cir-
ripedia larvae migrating into the sediment trap (Figs. 7a, 
6g). The settling of these meroplanktonic larvae decreased 
metazooplankton biomass by 40--60 % (from overall average 
5.0± 1.8 to 3.1 ± l.l µmolkg- 1) over the course of the ex-
periment, thereby contributing "' 60 % to the export flux dur-
ing phases I and II (see also Niehoff et al., 2013). A sed-
imentation event caused by sticky nets of pteropods intro-
duced into the mesocosm during phase I was not detected. 
The fairly large dead individuals were excluded from the sed-
iment samples. 
3.6 Phase III 
In phase III, C02-related trends in dissolved inorganic mat-
ter uptake rates of phase II are reversed. Significantly more 
inorganic carbon was consumed at low C02 (Fig. 6i), result-
ing in significantly stronger build-up of PC (Fig. 6j) and ex-
port of this material (Fig. 6k). Trends in inorganic carbon 
uptake during phase III were parallel to trends in uptake of 
Biogeosciences, 10, 3109-3125, 2013 
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Table 3. Results of F tests (regression analyses) for C02 dependent changes in pool sizes of C, and P during the three phases of the 
experiment. Analysed delta values for each phase are calculated using the first day of the respective phase as a reference point Mean 
delta concentrations of the elements in particulate organic (POM), dissolved inorganic (DIM) and dissolved organic matter (DOM) as well 
as sediments (Sed.) and pools calculated by mass balance (DOCca1c DO calc POPca1c) were plotted against mean C02 concentrations 
during the phase. Significant trends (p < 0.05) are marked grey. Direction (Dir) of trends are given for correlations p < 0.1. eg." stands 
for negati e correlation to pC02 and would for example mark a significantly stronger decrease in dissolved inorganic matter (DIM) with 
increasing pC02, while "Pos." stands for positive correlation to pC02 and could therefore mark significantly increasing concentrations, for 
example, POM with increasing pC02. 
Testet period L'.POM t.DIM 
r p Dir r p Dir 
Phase Carbon 
I T8--Tl5 0.01 0.78 0.98 <0.00 Neg. 
Carbon 
Tl4-T21 0.27 0.15 - 0.92 <0.00 Neg. 
Phase Nitrogen 
II Tl4-T21 0.52 0.03 Pos. 0.87 <0.00 Neg. 
Phosphorus 
Tl4-T21 0.35 0.10 - 0.93 <0.00 Neg. 
Carbon 
T21-T27 0.86 <0.00 Neg. 0.85 <0.00 Pos. 
Phase Nitrogen 
lil T21-T30 0.83 <0.00 Neg. 0.89 <0.00 Pos. 
Phosphorus 
T21-T30 0.31 0.12 - 0.94 <0.00 Pos. 
inorganic nutrients (Table 3). As inorganic N and P were sup-
plied in the beginning of phase II in equal concentrations 
(5 µmolkg- 1 DIN, 0.32 µmolkg- 1 DIP), stronger uptake at 
high C02 during phase II resulted in lowered concentrations 
of the limiting nutrients during phase III. On t20, concen-
trations of cv 3 .5 µmol kg- 1 DIN and "' 0.2 µmol kg- 1 DIP 
were available in the control treatments, but only approx-
imately half of this amount in the highest C02 treatment 
(1.76 and 0.10 µmolkg- 1 DIN and DIP, respectively). DIN 
and DIP were depleted in all mesocosms at about day t28. 
Uptake rates were considerably faster in the still relatively 
nutrient-replete low C02 treatments. On the last days of the 
experiment, net community production at low C02 exceeded 
all rates observed before during this experiment. C02-related 
trends in ~PC, ~PON and especially in export of C, N and 
P could be clearly detected. Changes in nearly all of the par-
ticulate pools showed highly significant negative correlations 
to treatment pC02 (Table 3). 
DOCca1c (Fig. 61) was steadily increasing until day 27 in 
all C02 treatments. Major parts of the nutrients added on 
tl3 accumulated in those pools determined by mass balance 
until the end of the experiment on t30 (averaged cv 55 % in 
DONcalc and 74% in POPca1c). Whereas 16% of added N 
and 32 % of added P was measured as wall growth on t30 on 
average over all mesocosms. A C02 effect on wall growth is 
neither indicated by direct measurements on t30 nor by C02 
correlations ofDOCcalc, DONcalc or POPcalc, to which it was 
contributing during phase III. 
Biogeosciences, 10, 3109-3125, 2013 
L'.DOM Sed. t.OMca1c 
r p Dir r p Dir r p Dir 
DOCca1c 
0.42 0.06 Pos. 0.02 0.75 0.96 <0.00 Pos. 
DOCca1c 
0.01 0.77 - 0.00 0.92 - 0.66 0.01 Pos. 
DONca1c 
0.25 0.17 - 0.02 0.69 - 0.07 0.50 -
POPca1c 
0.54 0.02 Pos. 0.02 0.71 - 0.13 0.34 -
DOCca1c 
0.07 0.49 - 0.65 0.01 Neg. 0.35 0.09 Neg. 
DO Neale 
0.13 0.35 - 0.63 0.01 Neg. 0.25 0.17 -
POPcalc 
0.15 0.31 - 0.64 0.01 Neg. 0.47 0.04 Neg. 
3. 7 Stoichiometry of particulate matter 
Elemental ratios of water-column particulate matter were al-
ways close to Redfield ratios (Fig. 8). C02 or nutrient ma-
nipulation did not cause strong changes in elemental com-
position of particulate matter. C/N and NIP ratios of material 
sampled from the sediment traps were generally similar to ra-
tios obtained for water-column particulate matter, with mean 
NIP ratios of the sediment slightly higher than respective val-
ues from the water column. During the last days (t27-t30) of 
the experiment, C/N ratios of water-column particulate mat-
ter increased in all mesocosms (Fig. 8a). This increase was 
significantly stronger for the low C02 treatments. The same 
general increase was observed in the sediment, but here C/N 
started to rise already on t24, reaching higher maximum val-
ues than in the water column (Fig. 8b ). Diatom aggregates 
contributed the largest fraction of the sediment during the 
last week of the experiment as documented by a strong in-
crease in biogenic silica fluxes (Fig. 7b ), an elevated Si/C 
ratio (Fig. 7c) and microscopic inspection. 
4 Discussion 
4.1 Phase I 
In the control treatments, dynamics in total inorganic car-
bon and gas exchange over the first 19 days of the exper-
iment are well represented by measured production, export 
and respiration of particulate organic matter (Fig. 4a). Thus, 
www.biogeosciences.net/10/3109/2013/ 
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Fig. 6. Temporal development of carbon pools in all treatments for the three phases of the experiment. Biologically mediated changes in 
inorganic carbon concentrations (~CTox) together with changes in particulate carbon (~PC) and cumulative sedimentation of particulate 
carbon during each phase (Sed) were used to estimate dissolved organic carbon from mass balance ~DOCcalc· C0 2 treatment levels and 
vertical dashed lines are coded as described for Fig. 3. 
the carbon budget was closed with DOCcalc approaching zero 
at low C02. At high C02, however, there was significantly 
higher carbon consumption during phase I (Figs. 5c, 6a). 
Due to a strong vertical light gradient, 14C gross primary 
production measured at I m water depth was high, showing 
a clear, positive correlation to C02 (Engel et al., 2013). In 
contrast, oxygen based production estimates by Tanaka et 
al. (2013) incubated at 3 m water depth were low and seem 
to be already partly balanced by respiration. The extra car-
bon ( ~ 13 µmol kg-1) consumed at high C02 was not found 
in any of the particulate carbon pools (Fig. 6b, c ), it was 
thus allocated to DOCcalc· Despite strong variability, statis-
tical analyses of DOC measurements as well as 14C DOC 
primary production measurements by Engel et al.(2013) sup-
port our interpretation of increased DOC production at high 
C0 2 in the phase before nutrient addition. DOC production 
was probably related to phytoplankton exudation but also to 
viral lyses of nanoplankton and microzooplankton grazing, 
both initiating the decline of the phase I bloom (Brussaard 
et al., 2013). Stronger microzooplankton grazing at low C02 
during phase I was stated by de Kluijver et al. (2013) and 
Brussaard et al. (2013). Enhanced primary production at high 
C0 2 (Engel et al. , 2013) presumably in combination with op-
www. biogeoscien ces.n et/10/3109/2013/ 
posing strong heterotrophic Joss processes at low C02 (Brus-
saard et al. , 2013) were resulting in net uptake of inorganic 
carbon in the future C02 treatments and concomitant release 
of inorganic carbon in the low C02 controls (Fig. 6a). Rapid 
cycling of carbon during phase I obviously resulted in accu-
mulation of DOC at high C02 that was not readily bioavail-
able and persisted at least during phase II, in which net pro-
duction of DOC was considerably lower (Fig. 5f, see also 
Engel et al., 2013). A semi-labile nature of the produced dis-
solved organic matter in this experiment becomes also evi-
dent from apparent substrate limitation of heterotrophic bac-
teria during the entire experiment, detected by Piontek et 
al. (2013). 
The phenomenon of inorganic carbon draw down with low 
net consumption of N or P, called carbon over-consumption 
(Toggweiler, 1993), was enhanced at high C02 between 
t8 and t15. Such feature was already found in incubations 
of natural Atlantic plankton communities under high C02 
(Schulz et al. , 2008; Bellerby et al., 2008; Riebesell et al. , 
2007; Delille et al., 2005; Engel et al., 2004a; Egge et al. , 
2009; Hein and Sand-Jensen, 1997) and is also indicated by 
increased cumulative 14C primary production observed dur-
ing the experiment by Engel et al. (2013). The final product 
Biogeosciences, 10, 3109-3125, 2013 
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Fig. 7. Vertical fluxes for carbon (a) and biogenic silica (b) nor-
malised to kg seawater and day. Biogenic silica to carbon ratios in 
the sedimented material are shown in (c).Treatment levels and ver-
tical dashed lines are coded as described for Fig. 3. 
of enhanced photosynthetic activity could often not directly 
be measured, but was hypothesised to be released as DOC, 
subsequently occurring as TEP (Engel et al. , 2004a). Sedi-
mentation of aggregated DOC in the form of TEP was hy-
pothesized to cause increased carbon loss under high C02 in 
the PEECE (Pelagic Ecosystem C02 Enrichment) III study 
(Schulz et al. , 2008) and in further previous experiments 
(Engel et al. , 2004b). In this experiment, an increased con-
tribution of freshly fixed 13C to high C02 sediments dur-
ing phase I was argued to be caused by sinking of TEP by 
de Kluijver et al. (2013). TEP formation implies a flux of 
DOC into the PC pool, but neither increased bulk sedimenta-
tion nor increased carbon contents of sediments or of water-
column particulate matter under high C02 were measured. 
Sediment fluxes were low and indication for TEP as a rele-
vant aggregation factor was not detected. Sugars serving as 
precursors for TEP were possibly produced at concentrations 
too low to form relevant amounts of aggregates or were con-
sumed by the bacterial community right after release (Pio-
Biogeosciences, 10, 3109-3125, 2013 
ntek et al. , 2010). DOC was therefore remaining in the water 
colum.n, where it, on the long run, might support the devel-
opment of the microbial community. Although an increase 
in bacterial numbers was not observed durino the duration 0 
of the experiment (Brussaard et al. , 2013), DOC accumula-
tion rather promotes enhanced shallow remineralisation than 
primary production or export (Thingstad et al., 2008). 
4.2 Phase II 
During phase II the trends in uptake of inorganic C, N and P 
after nutrient addition were consistent with trends in Chi a. 
Elevated C02 concentrations seemed to have a stimulatino 0 
effect on growth of the dominating picoeukaryotic primary 
producers (Brussaard et al., 2013 ; Schulz et al. , 2013), lead-
ing to increased uptake of inorganic matter (Table 3, Fig. 6e ), 
as well as increased cell numbers and Chi a. However, in-
creasing biomass production as a result of enhanced nutrient 
uptake at high C02 during the bloom of picoeukaryotes in 
phase II was hardly detectable as particulate organic matter 
build-up and did not cause a significant sedimentation event 
(Figs. 6f, 5g). A peak in carbon export caused by Cirripedia 
larvae (tl6, Fig. 7a) shows that the settling ofmeroplankton 
can seasonally account for a large portion of vertical fluxes 
in coastal ecosystems. This finding is in agreement with 13c 
tracer data by de Kluijver et al. (2013). Generally low en-
richment of sediment with the tracer during phases I and II 
can only be explained by high contents of zooplankton and 
"old" detrital material. Build-up of autotrophic biomass in 
the water column, estimated from Chi a as well as from bio-
volume of picoeukaryotes (Brussaard et al. , 2013) can only 
account for the amount of inorganic C, N and P consumed 
during the first days of phase II. Thereafter, phytoplankton 
standing stocks were diminished and kept at a relatively low 
level by microzooplankton grazing and viral lyses of picoeu-
caryotes (Brussaard et al., 2013). Nutrient and carbon up-
take continued during the time of strong biomass loss. Low 
C/N and C/P inorganic uptake ratios in all treatments suggest 
overall elevated production of organic P and N compared to 
organic C during phase II (Silyakova et al. , 2012). Signifi-
cant C02-correlated differences in LiPC as well as LiPOPcalc 
could not be detected during the entire phase II (Table 3). 
Dissolved organic matter is indeed showing positively C02-
related differences in LiDOCcalc (Fig. 6h) but also in LiDOP. 
Release of cell contents rather than exudation may have been 
the source of this DOM at nutrient-replete conditions, as en-
hanced autotrophy at high C02 was strongly top-down con-
trolled (Brussaard et al. , 2013). In contrast to P and C, en-
hanced uptake of inorganic nitrogen at high C02 was also re-
flected in higher LiPON and only minor amounts ofN accu-
mulated in DONcalc· Nitrogen was obviously preferentially 
incorporated into the heterotrophic community compared to 
C and P (Table 3). 
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Fig. 8. Temporal development of measured carbon to nitrogen (C/N) and nitrogen to phosphorus (NIP) ratios of particles suspended in the 
water column (left) and particles sampled in the sediment traps (right). Dashed horizontal line marks Redfield ratios. C02 partial pressures 
given in the figure legend are mean values for the experiment (day 8-26). Vertical dashed lines are coded as described for Fig. 3. 
4.3 Phasem 
A relatively diverse phytoplankton community comprised 
of picoeukaryotes, co-dominated by diatoms and dinoflagel-
lates established during phase III (Schulz et al., 2013; Brus-
saard et al., 2013). Biomass build-up resulting from fast car-
bon and nutrient drawdown did not seem to be limited by 
strong heterotrophic loss processes as observed in the pre-
vious two phases. This bloom showed higher C, N and P 
uptake rates at low C02, whereas under high C02 uptake 
was already slowing down due to nutrient depletion after 
the phase II peak (Fig. 6i). Reduced growth at high C02 in 
phase Ill was reflected by significantly lower t.PC, t.PON, 
and t.POP (Table 3). Diatoms, contributing relatively low 
biomass to the pelagic community (Schulz et al., 2013), in-
creasingly dominated the sediment material from the begin-
ning of phase III in all treatments. In the sediment material, 
this is illustrated by increasing BSi/C ratios from t20 on-
wards (Fig. 7c), concurring with microscopic observations 
of large quantities of diatom chains and their fatty acid sig-
nature detected by de Kluijver et al. (2013). Overall, higher 
biomass build-up seemed to be causing a sedimentation event 
of diatoms, forming aggregates with other particles, trans-
porting them into the sediment trap. In contrast to the previ-
ous two phases, 13C tracer concentrations indicate that there 
were even higher contributions of freshly fixed carbon to sed-
iments than to water-column PC (de Kluijver et al., 2013). 
The retention food web, quickly recycling freshly produced 
biomass, seems to have shifted towards an export commu-
nity in phase III (Wassmann, 1997). Strongly reduced export 
at high C02 was obviously due to nutrients being diminished 
by enhanced growth during phase II. Unfortunately, the to-
tal amount of export production cannot be calculated for this 
period, as measurements ended before peak sedimentation 
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rates were reached (Fig. 7a). In addition to that, DOCcalc and 
wall-grown biomass, not being exported, were exponentially 
increasing (Fig. 4c). However, an export flux at high C02 
comparable to fluxes observed at low C02 occurring after the 
end of our measurements (t30) seems unlikely, as inorganic 
N and P were depleted at t28. Until nutrient depletion, signif-
icantly Jess carbon uptake, PC and PON accumulation in the 
water column and less export of C, N and P were observed at 
high C02 during phase III. 
4.4 Stoichiometry of exported particulate matter 
Temporal trends in elemental composition of the sedimented 
particulate matter were very similar to that of the water 
column during most parts of the experiment (Fig. 8). Car-
bon isotope tracer data in sediments suggests that there was 
mostly an under-representation of phytoplankton biomass 
(de Kluiver et al., 2013). Elemental composition of sedi-
ment was overall similar to water column particulate mat-
ter. This classifies sinking material sampled at the bottom 
of the shallow mesocosms to be relativity fresh . Neverthe-
less, sinking detritus and digested material produced by the 
large heterotrophic community was probably responsible for 
the slight general offset in composition of sedimenting ma-
terial towards higher C/N and NIP ratios throughout the ex-
periment. While changes in particulate matter composition 
in response to future C02, reported from laboratory exper-
iments on phytoplankton (Burkhardt et al., 1999; Burkhardt 
and Riebesell, 1997), are varying between species in strength 
and direction, differences in organic C/N/P ratios of primary 
producers growing under inorganic nutrient limitation and re-
pletion are a common phenomenon (Klausmeier et al., 2004). 
The fact that we did not observe strong changes in response 
to nutrient or C02 addition, during this experiment is likely a 
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result of the diverse composition of POM, with phytoplank-
ton comprising only a relatively small fraction during large 
parts of the experiment. Fast recycling of readily available 
and P compounds during phase I were obviously covering 
the nutrient demand of phytoplankton (Schulz et al., 2013) 
and probably comprised a large part of the fluxes even dur-
ing nutrient replete phases of the experiment. 
The observed increase of C ratios in the sediment com-
pared to the water-column particulate matter during phase III 
correlates with the occurrence of ruatoms and increasing sil-
icate flux (Fig. 7c). This ruatom ballast or aggregation ef-
fect caused the over-representation of fresh carbon-rich par-
ticles in the sediments. The same C/N increase as in the seru-
ment occurred later and less pronounced in the water column; 
here diatoms and fresh material are measured against a much 
larger background of other water-column particulate matter, 
thus diluting this signal. 
On t30, higher C/N ratios at low C02 appeared in water-
column particulate matter. Similar to the general increase of 
C/N in all mesocosms, also the C02 effect on C/N was ampli-
fied in the sediment. Mesocosms showing stronger elevated 
C/N ratios on the last day had also higher sedimentation rates 
ofC, N, P and Si (Table 3). Carbon uptake beyond the day of 
nutrient depletion could not be determined, as the inorganic 
carbon dataset ends on t27. But already until t27 inorganic 
carbon to nutrient uptake was much higher at low C02 dur-
ing phase III and thus even during the combined post nutri-
ent phase (II+ III) (Silyakova et al., 2012). A combination 
of high uptake rates and the shift towards increased C/N on 
the last days overcompensated initially higher uptake at high 
C02 during phase II. Elevated C or reduced N content of the 
phytoplankton community might have been due to growth 
limitation by dissolved inorganic nitrogen with concentra-
tions below 1 µmol kg- 1 (Klausmeier et al., 2004) already 
since t24 in all treatments. 
4.5 Synthesis 
Despite all efforts in determining all relevant elemental pools 
of C, N and P in regular temporal intervals, budgets could not 
readily be closed. This was mainly because of unsatisfying 
precision in DOC, DON and POP as well as wall growth to-
wards the end of the experiment. However, gaps in the budget 
could be narrowed down by introducing novel methodology 
to determine gas exchange and sedimentation. It could be 
demonstrated that measured pools in large mesocosms can 
be quantitatively evaluated against each other. Moreover, us-
ing mass balance, problematic measurement parameters as 
well as technical and operational problems could be identi-
fied and their relevance could be quantified. In later experi-
ments, improved sediment traps, an improved DOC sampling 
strategy as well as regular cleaning of the walls solved the 
most prominent problems pointed out in this study (see im-
proved methods in Riebesell et al., 2013). The particular rea-
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son for the lack in precision in DON and POP within this 
dataset could not be ascertained. 
Future C02 concentrations were found to stimulate au-
totrophic production twice during the course of this exper-
iment. First during phase I, when increased inorganic carbon 
uptake by nanoplankton at high C02 was directly channelled 
into dissolved organics. Secondly, during phase II, when en-
hanced growth of picoeukaryotes diminished inorganic nu-
trient concentrations at high C~, resulting in less organic 
matter being exported in phase III. During this experiment, 
both positive effects on primary producers had negative in-
fluence on carbon export. 
After phase I, community composition and carbon flows 
had changed. Later effects were therefore a product of com-
plex resource competition and cascading loss processes mod-
ified by C02 and preceding production. The dominating 
producers or consumers in a mesocosm bad responded to 
the manipulation at the beginning of the experiment, any 
following effects were multi-causal. Growth enhancement 
of nanoplankton and picoeukaryotes during phase I and II 
(Brussaard et al. , 2013; Engel et al., 2013; de Kluiver et al. , 
2013) might have caused most of the C02 effects on bloom 
dynamics observed during and after their occurrence. There-
fore, e.g. direct physiological C02 effects on plankton domi-
nating within phase III would be a matter of speculation due 
to the different nutrient situation already in the beginning 
of phase III. This demonstrates that ecological data are of 
substantial importance in making biogeochemical response 
patterns comparable between experiments. Apparently, re-
sponses found for the retention type community, which was 
present at the start of this experiment, are not directly com-
parable to earlier findings for export systems such as the coc-
colithophore blooms in Norwegian coastal waters compiled 
by Riebesell et al. (2008). Community experiments always 
have to be seen as case studies with results primarily valid 
for the specific community composition enclosed at the start 
of the experiment. Further experiments will show whether 
C02 enhanced DOC production and growth of smaller phy-
toplankton can be consistently found at similar community 
composition. 
Laboratory studies performed on single species are ideal to 
detect physiological C02 effects, whereas the importance of 
these effects within a natural ecosystem is always difficult to 
extrapolate (Riebesell and Tortell, 2011). In this experiment, 
ocean acidification/carbonation affected small phytoplank-
ton, which in turn significantly influenced principle ecosys-
tem functioning. Whereas enhanced growth of picoeucary-
otes itself had no immediate effect on carbon export fluxes, 
their footprint in the nutrient budget controlled export fluxes 
later during the experiment. Identifying species that have 
the potential to change biogeochemical fluxes by influenc-
ing community succession is an important task for future 
mesocosm experiments. Focussing from the community to 
the species level instead of extrapolating from the laboratory 
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to the field could accelerate the progress of finding general 
biogeochemical response patterns. 
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86 Improvements 
3. Technical and methodical improvements 
Anal sing the Svalbard elemental dataset revealed some weaknesses of the set-up. DOC was not 
measured at a satisfying precision and had therefore to be excluded from elemental budgeting. 
This lack of precision could be solved by switching to an acid washed sampling container in the 
following experiment. However, dissolved organic carbon, nitrogen and phosphorus remain the 
most problematic parameters also in later experiments. High background concentrations, easy 
contamination and the multitude of processing steps during analyses make it hard to meet 
precision standards of most of the other analyses. Further delicate issues like wall growth, dead 
volume below the sediment traps associated with potentially lost sediments as well as 
comparatively sparse data on zooplankton elemental composition had to be evaluated carefully. 
Yet, most of those drawbacks could be removed for the next experiment. 
3.1 Cleaning the walls 
Beside variability in DOM measurements, wall growth was another critical point when 
constructing the elemental budget for the Svalbard 2010 experiment. The idea of a cleaning ring 
was born on Svalbard, when apparent wall growth had to be quantified in order to close an 
elemental budget at the end of the study. On site, it was constructed from one of the mesocosms 
sediment trap floatation rings. Despite initial handling problems of the large heavy weighted 
ring, first cleaning results were rather convincing. Continuous improvements on the rope system, 
a closing and opening mechanism, the circumferential silicon wiper and an electric winch, made 
regular inside-cleaning of the bag efficient and practicable. "Easy cleaning" is important in any 
study as wall growth was proven not to be confined to eutrophic environments. Later studies 
showed benthic cyanobacteria to be competitive at inorganic nutrients on nanomolar levels. In 
spite of our success in keeping benthic biomass insignificant compared to plankton biomass by 
regular cleaning, the presence of a large surface area remains an issue when comparing 
mesocosm community composition to open water plankton. Providing settling ground, even only 
for a short duration, favours the development of benthic biofilms and rnicroalgae. Benthic 
species may become enriched in the mesocosm compared to open waters over time. A clear 
advantage of the KOSMOS mesocosms is the low relative surface area of -2m2/m3 compared to 
smaller set-ups. The cylindrical part of the mesocosm, rigid due to 200 kg heavy bottom weight 
and 500 µm foil, can be automatically cleaned, whereas cleaning of more light weighted 
constructions commonly used for mesocosm bags would be not feasible. 
Improvements 
Efforts to reduce biofouling on the mesocosm surfaces and to improve durability of the system 
enables us for the first time to conduct long-term mesocosm studies in more relevant areas 
exposed to moderate marine weather conditions. 
Long-term mesocosm studies will have the potential to firstly increase relevance of the datasets 
by including effects on higher, economically more important trophic levels; and secondly 
enhance significance of the findings through improved coverage of secondary and long-term 
treatment effects. With experiments lasting for several months, mechanisms relevant on a 
seasonal scale can be addressed. The most important cleaning tools are shown in Fig. 3.1. 
a) b) 
detail 
Figure 3.1. a) Weighted cleaning ring with silicon wipers used to prevent biofouling on the inside walls 
of the mesocosm. Ring can be opened for easier deployment (detail). b) Professional diving scrubber for 
cleaning of outer fouling. (Drawings by Detlef Hoffmann) 
3.2 Sediment traps 
Since the first large scale KOSMOS trials in 2007, funnel shaped sediment traps with vacuum 
sampling tube to the surface were installed in the bottom of the mesocosm. Due to strong 
variation of daily sampled sediment amounts within the first trials, sediment traps were enlarged 
for the 2010 study to cover the entire bottom surface of the mesocosm. The large trap should 
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collect all material settling and thereby account for possibly uneven distribution of sinking 
material among the bottom area as well as avoid trapping of resuspended material. The 
quantitative extraction of freshly settled material from the system eliminates the input of 
rernineralised nutrients from below. This 1s a basic prerequisite for elemental budget 
calculations, as sediment traps on sub-units of the surface can only provide information on 
composition of settling material that was trapped and not on the composition of bulk exported 
material that underlies further degradation remaining within the system. 
The large floating sediment trap as used in Svalbard 2010 was relatively quickly installed in 
response to inconvenient results from smaller sediment traps in a 2009 trial. However, this 
construction involved some disadvantages as discussed in Publications 2.1 and 2.3. The limited 
exchange of water with the space below the trap as well as possible losses of sediment into this 
space led to a principally new design of the bottom construction. The custom shaped fibreglass 
flanges attached and closed by divers have been successfully proven and tested in five 
deployments since 2010. Close to neutral in buoyancy funnel flanges are easy to handle by scuba 
divers and can be fitted with a multitude of different sealing gaskets. 
3.3 Gas exchange estimates 
Gas exchange estimates as described in Publication 2.3 were further developed to provide 
diapycnal fluxes of dissolved substances in stratified mesocosms, beside estimates for air-sea gas 
exchange. In later studies, depending on mixing regime in the mesocosms, integrated deep- and 
surface mixed layer as well as discrete surface (1 m) tracer samples were taken additionally to 
the total depth-integrated samples. Air-sea fluxes detected as changes in the N20 inventory can 
thus be related to air-sea gradients as well as diapycnal gradients within a simplified 
stratification model. Biological influence on surface water C02 fluxes can be important in 
stratified mesocosms, especially during periods of high primary production. To improve C02 gas 
exchange estimates, the depth-integrated carbonate chemistry dataset was accomplished by 
routine surface (1 m) pC02 measurements using a HydroC™ C02 sensor (Contras Systems and 
Solutions GmbH). Uncertainties arising from estimated chemical enhancement of C02 air-sea 
gas exchange were narrowed down by continuous measurement of sea surface (10 cm) 
temperature within the mesocosms using HOBO precision temperature loggers. 
3.4 Sampling the upper trophic levels 
Many questions concerning ecological and biogeochemical responses of organisms in the size 
range from bacteria to metazooplankton can be answered using smaller and thus much cheaper 
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experimental setups. Mesocosms larger than 50 m3, however, offer the unique opportunity to 
study large organisms that need considerable amounts of space and resources for their natural 
development within an enclosed ecosystem. Experiments on economically or biogeochemically 
highly relevant food web components such as fish, jellyfish, appendicularians or pteropods 
usually suffer limitations arising from external or artificial food supply. Within the KOSMOS 
mesocosms, we were able to observe the natural occurrence of fish developed from eggs 
enclosed in the beginning of the experiment, as well as the establishment of pteropod, jellyfish 
and appendicularian populations. Datasets on the abundance of those species occurring m 
relatively low concentrations of only several specimens per m3 were often limited due to 
problems of adequate sampling. Despite large efforts in the end of the experiment, juvenile 
fishes observed in the Svalbard 2010 and the Bergen 2011 study could not be caught in sufficient 
numbers to produce statistically valid data. An appendicularien bloom, obviously responsible for 
the vertical transport of large amounts of gelatinous material in Bergen 2011, could not be 
sufficiently documented in terms of animal abundance to draw conclusions on apparent 
treatment effects. 
Two strategies were developed to overcome these sampling limitations. Firstly, a fishing net that 
allows retrieving all animals from the mesocosm after an experiment is terminated, regardless of 
escape capabilities. Connected to the cleaning ring, the constructed net covers the full diameter 
of the mesocosm. It is brought to the bottom of the enclosure in a folded configuration. By 
putting strain on a net control line, the funnel shaped net unfolds and can be pulled slowly 
through the mesocosm, sealing with the walls on all sides (Fig. 3.2). In the Kristineberg 2013 
long-term study, more than 500 juvenile herrings of around 5 cm length could be retrieved. The 
animals hatched within the mesocosms and grew much faster in the mesocosms compared to 
their brothers and sisters fed with natural plankton in a parallel lab experiment. Soon after 
hatching, larvae disappeared from weekly zooplankton samples, as they grew fast enough to 
escape the 20 cm net opening used during routine sampling. 
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Figure 3.2. The mesocosm fishing net. a) Open configuration - both halves of the net ring on one side, so 
that cleaning ring can be opened enabling installation. During lowering, both halves of the net ring are 
hanging vertically to allow passage of the net below enclosed animals (net not shown). b) Net control line 
is pulled when the construction reached the bottom of the mesocosm - the net unfolds to cover the entire 
mesocosm surface and seals with the walls (net not shown). c) The unfolded net - can be slowly pulled up 
using the net control line. Reverse procedure for deinstalling and retrieving the sample. (Drawings by 
Detlef Hoffmann) 
The second technical development gives timeline data on the development of large rare species. 
Frequent sampling of animals, present in low numbers of only a few hundred per mesocosm, 
would diminish the population and potentially lead to extinction of the animals from the 
mesocosm. Coordinated by fellow scientist Jan Biidenbender, a camera system was developed in 
cooperation with the company Develogic Subsea systems. Named "KielVision", this camera is 
designed to quantitatively screen a water column of 1.2 m3 within the mesocosm for larger 
particles (Fig. 3.3). Lowered slowly down the mesocosm, KielVision is taking high resolution 
pictures of defined water slices every 2 cm. Based on these pictures, objects larger than -200 µm 
can be non-destructively quantified and measured using the software package Zoolmage 
(http://www.sciviews.org/zooimageQ. KielVision is designed to not only create high temporal 
resolution abundance and growth estimates for the upper trophic levels, but also bring light into 
mechanisms causing sedimentation events. Observation of water column aggregation should help 
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Figure 3.3. KielVision. When lowered through 
the mesocosm, a defined water volume within the 
bottom frame is illuminated by red light flashes. 
The camera installed in the glass dome takes high 
resolution pictures at a frequency of up to 18 per 
second. An inbuilt computer connects pictures to 
pressure data and prepares files for later analyses. 
Lowered once through a 20 m mesocosm, a 
vertical particle profile capturing particles from 
1.2 m3 of water is recorded. Plankton organisms 
larger than 200 µm can be identified from 





In the following paragraphs, biogeochemical questions and hypotheses for past and future 
mesocosm experiments are discussed. New technical approaches to tackle those questions in the 
future are presented. 
All past KOSMOS experiments investigated the effect of increased C02 concentrations on 
temperate to Arctic marine ecosystems. Marine regions, plankton communities and seasons 
varied between the experiments, leading to different C02 responses of the enclosed plankton 
communities. To move from case studies towards more general answers, improvements in 
experimental set-ups, sampling protocols and data analyses are needed. Specific findings of 
experiments performed since 2010 are not discussed within this thesis, but some general 
observations are used to formulate a new hypothesis for future ocean acidification experiments. 
Possible application of KOSMOS mesocosms for unravelling biogeochemical fluxes connected 
to sporadic nutrient inputs in oligotrophic oceans ( e.g. eddy pumping, hurricane blooms, 
artificial upwelling, dust I volcanic ash events) are proposed. Funding for this important basic 
research may be raised with reference to risk-benefit assessment for potentially socio-
economically important artificial upwelling strategies. 
4.1 Optimising data acquisition and analyses 
Biogeochemical results from laboratory experiments with single species and on short time scales 
were used to formulate most hypotheses for our community experiments. Major questions of our 
experiments concerning the effect of increased C02 levels on microbial biogeochemistry are: 
• Are detrimental effects of seawater acidity on coccolithophore calcification significantly 
affecting future carbon export due to reduced carbonate ballast? 
• Is future increased C02 availability leading to carbon overconsumption by 
phytoplankton? Will future particles thus be enriched in carbon? 
• Is carbon export increased due to the formation of TEP from exuded overconsumption? 
• Are C02 effects on cyanobacteria changing the oceans nitrogen budget? 
We were the first describing all relevant parts of the system within large scale mesocosm 
experiments. Recorded data describe pools and fluxes of the most relevant bioactive elements as 
well as community composition at high temporal resolution. In general the enclosed ecosystems 
appeared surprisingly robust, often showing ecological and biogeochemical patterns comparable 
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between mesocosms and the surrounding waters for weeks and months. However, most of the 
questions addressed over the past years cannot yet be readily answered. We are so far unable to 
answer those questions with a simple yes or no, even though plenty of data on the enclosed 
system were collected and various C02 effects have been detected. The achieved data are very 
complex and uncertainties as to the universal applicability of the findings remain. On the 
ecosystem level, diverse species assemblages may often level out effects, while strong control 
mechanisms such as nutrient availability and grazing pressure may enhance or override C02 
effects of single species physiology. While a coccolithophore dominated species assemblage 
may react to C02 as can be expected from monoculture experiments, coccolithophores that first 
have to establish their dominance in a top down controlled community may appear more C02 
sensitive. Elemental composition of particulate matter can be stable when species composition is 
complex but may show large plasticity when the system becomes dominated by one blooming 
phytoplankton group under similar experimental conditions. Organic exudates may accumulate 
as DOC, aggregate as TEP or be immediately consumed by bacteria, depending on community 
composition. 
Compared to field data, mesocosm experiments have a temporal component that allows for 
quantitative observation of the processing of matter within a system. However, the enclosed 
community sampled at one point in time can only show us a snapshot of what may happen in the 
given environment. Projections concerning the effect of C02 on biogeochemical fluxes in the 
future can only be made by taking into account general ecological and physiological patterns 
derived from as many community and single species experiments as possible. Meta-analyses of 
the performed experiments are necessary to reveal general patterns. Inverse modelling enables 
estimating carbon and nutrient fluxes between functional groups of the plankton community as 
well as export and accumulation of dissolved organics (Vadstein et al., 2012; Vallino, 2000). As 
shown in Fig. 4.la, observations of standing stocks and rates from the experiment can be 
accomplished using mass balance. Models can then be tested on further mesocosm datasets 
featuring e.g. different starting composition of the enclosed community (Parsons, 1990). The 
diversity in biogeochemical ecosystem models is high (Friedrichs et al., 2007; Arhonditsis and 
Brett, 2004). Compiling an ecosystem model adapted to the specific observational structure and 
scientific questions in KOSMOS mesocosm research is the critical step. Most global models 
apply very simplified representations of the marine ecosystem (Fasham et al., 1990; Bopp et al., 
2013) which cannot capture community changes as observed in mesocosm experiments. More 
complex models, describing functional types within phytoplankton, zooplankton and bacteria, as 
well as their specific interactions are needed ( e.g. Moore et al., 2001; Quere et al., 2005). 
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Ho e er it has been debated if it makes sense to increase complexity of models in consideration 
of current gaps in parameter constraints through lack of data, and little knowledge about 
modelled ecological interactions (Flynn, 2005). On a global scale, simple models usually 
outperform complex approaches that are better fitted to regional ecosystems (Anderson, 2005). 
Mesocosms are the smallest scale an ecosystem model can be applied to. Results as the one 
presented in this thesis seem to be ideal to test model outputs while it is realistic to actually 
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Figure 4.1. Two different model flow networks used for biogeochemical mesocosm ecosystem 
modelling. a) The model by Schartau et al. (2007) includes carbon fluxes from inorganic carbonate 
system to sedimentation at relatively low ecological resolution with heterotrophs and autotrophs grouped. 
Aggregate formation mechanisms and DOM cycling are explicitly parameterised. b) The model by 
Vadstein et al. (2012) resolves community composition by three functional groups of autotrophs and four 
groups of heterotrophs. Most metabolic rates for the specific groups are adopted from the literature while 
some are measured. Sedimentation is represented via a one-way flow from autotrophs via heterotrophs 
and detritus including a microbial loop via dissolved organics. Inorganic carbon and export mechanisms 
are not explicitly parameterised. Abbreviations: DIC-dissolved inorganic carbon, TA-total alkalinity, 
DOC-dissolved organic carbon, TEPC-transparent exopolymer carbon, PCHO-polysaccharides, DIN I 
DIP- dissolved inorganic nitrogen I phosphorus, DON I DOP-dissolved organic nitrogen I phosphorus, 
DeN I DeP I DeC-detritus nitrogen I phosphorus I carbon, SeN I SeP I SeC-sediment nitrogen I 
phosphorus I carbon, COP-copepods, CIL-ciliates, BAC-bacteria. 
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Fractionation of particulate matter into size classes best fitted to represent parameterized 
functional groups should be elaborated. Rates of nutrient uptake, carbon acquisition, respiration, 
growth or grazing of exactly those groups, as well as their potential C02 dependence, should be 
determined. Measuring temperature dependence of key processes, effects of global warming 
could be investigated once the system is mathematically described. It would be useful to agree 
on a standardised protocol of data acquisition for all future experiments in close cooperation with 
modellers. In this cooperation of modellers and analysts, sensibilities of the model and 
capabilities of analytics can be aligned. Units of measurement output are currently often not 
quantitatively comparable. Specific rates measured in side-experiments are often not 
representative for the whole mesocosm (Engel et al. , 2013). Measurements directly within the 
mesocosm deliver bulk estimates on larger timescales, but are quantitatively more robust 
(Czemy et al., 2013; Silyakova et al., 2013). Recalibration of multiple approaches to determine 
elemental flow pathways and rates should be applied. Net community inorganic carbon uptake 
based on presented gas exchange measurements and dissolved inorganic carbon could be 
accomplished by daily estimated rates derived from oxygen and C02 logger data. Turnover rates 
of carbon and nutrients within functional plankton groups can be estimated by addition of stable 
isotope tracers at certain periods within the experiment and their detection within specific fatty 
acids (Van den Meersche et al., 2004). Tracing pathways of 13C (de Kluijver et al. , 2013) and 
15N2 (unpublished results) primarily fixed within the system was already practiced in KOSMOS 
mesocosms. The addition of labelled organic carbon, nitrogen or phosphorus could shed light 
into turnover times of dissolved organics and the activity of the microbial loop (Ducklow et al., 
1986). Given the multitude of experimental approaches for unravelling the functions of enclosed 
ecosystems, numerical analyses of mesocosm data would help to improve concepts to constrain 
mechanisms for further experiments. Unprecedented interdisciplinary expertise is collaborating 
to describe ecosystem biogeochernistry in KOSMOS experiments. A complex picture of the 
ecosystem could be drawn with large gain for biogeochernical modelling with little additional 
efforts. Sensitivity of biogeochemical fluxes to unavoidable variability in physical forcing, 
enclosure size or initial composition of the community may be tested. Not only educated 
estimates for so called "mesocosm artefacts" can be generated; models can also provide a 
calculation basis for planning ecological manipulations e.g. the addition of larval fish. 
95 
96 Perspectives 
4.2 Experiments on simulated eddy upwelling 
Experimental plans focussing on C02 dependent mechanisms for particle export during tropical 
upwelling events will be presented. As mesocosm datasets become relevant for biogeochemistry 
only when describe natural events connected to relevant fluxes of matter, oligotrophic regions do 
not intuitively appear to be attractive research areas. Export events, by definition, can only be 
connected to new production and not to regenerated production when matter is recycled within 
the surface layer (Peterson, 1979). Seasonal thermal convection is one way nutrients can be 
supplied to the surface layer. Eckman transport resulting from a combination of wind and 
currents, modified by the Earth's rotation, is another way responsible for a multitude of 
convectional patterns inducing upwelling of nutrient rich deep water (Marshall and Schott, 
1999). Frequent nutrient inputs to the surface layer are predominantly found at high latitudes and 
on the eastern margins of the Atlantic and Pacific Ocean (Levitus et al., 1993). However, 
sporadical upwelling can also occur within generally oligotrophic subtropical and tropical 
regions. "Island mass effects" create blooms and nutrient rich eddies downstream of seamounts 
and islands (Gilmartin and Revelante, 1974). Upwelling often occurs at hydrographical fronts 
and predominantly along the intertropical convergence zone, where southern and northern 
hemisphere weather and current systems meet. Mesoscale eddies with lifetimes usually less than 
three weeks and in the size range of hundreds of km2 carry nutrient rich waters deep into 
oligotrophic regions (Fu et al., 2010). Important sub-mesoscale turbulence patterns with low 
altitude profile are commonly not detected (Levy et al., 2001). Not only horizontal propagation 
of productive islands through oligotrophic waters is frequent, but also multiple mechanisms for 
vertical nutrient upwelling in those turbulent structures exist (Siegel et al., 2011 ). Geochemical 
tracer data suggest deepwater N inputs to most oligotrophic regions such as the North Atlantic 
subtropical gyre, large enough to support export of 3 mo1Cm"2yf 1 (Jenkins, 1988). The C/N ratio 
of the flux is assumed to be 6.5 according to Redfield. 3 molcm·2yr"1 of new production is an 
extraordinary high estimate for ocean deserts such as the subtropical gyre. Observations and 
models propose not more than half of this flux for the subtropical gyres (Oschlies, 2008). 
Allowing for variable and often much higher C/N ratios (-10.2) observed in trapped material 
would cumulate discrepancies regarding the relevance of oligotrophic oceans for global carbon 
fluxes (Fig. 4.2; Tamelander et al., 2013). Such discrepancies in N input and C/N ratios are 
relevant to global carbon flux projections, especially in respect of the vast area covered by 
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Currently, modelled enhancement of biological production by mesoscale eddies varies between 
20% and 100-200%, the latter values being probably overestimates (reviewed by Oschlies, 
2008). Persisting discrepancies to geochemical estimates of new production may be partly 
explained by sub-mesoscale events not accounted for by eddy resolving models. Furthermore, 
wind induced mixing of the surface layer by tropical cyclones was observed to cause 
phytoplankton blooms of large spatial extension (Shi and Wang, 2007). Based on long-term 
satellite observations of the subtropical North Atlantic, it was hypothesised that cyclone events 
could contribute as much nutrients to surface layer production as estimated for mesoscale eddies 
(Babin et al., 2004). Permanently stratified ocean regions are expected to expand as a 
consequence of global warming. An observed decrease in satellite-derived ocean productivity 
within the last decade is mainly driven by changes in those oligotrophic areas, already 
representing 75% of the ice free global ocean (Behrenfeld et al., 2006). The important control of 
global ocean productivity by the El Nino-Southern Oscillation (ENSO) is also likely to be 
influenced by global warming. However, direction or magnitude of future changes in ENSO is 
not yet predictable (Collins et al., 2010). 
C/N variability of exported biomass during production events within oceanic deserts is virtually 
uncharacterised. Mesocosm experiments could provide first data on ecosystem biogeochemistry 
and C02 dependent export stoichiometry within such events. 
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From a technical point of view, artificial upwelling seems to provide nearly ideal prerequisites to 
perform meaningful experiments: 
Planh.rton succession in response to sporadic upwelling events is poorly described compared to 
temperate regions and permanent upwelling regions. Data describing the North Atlantic spring 
bloom or the Peruvian upwelling system can be achieved by scheduled field campaigns. In 
contrast, plankton succession from nutrient input up to depletion and export within eddies can 
hardly be planned. Natural eddies can be well detected through sea surface height or Chi a 
measurements by satellites. But whenever water samples are taken, the system is already 
matured. Biogeochemical budgets are hard to construct due to on-going mixing processes. 
Artificial upwelling events can be planned at any time of the year. Using deliberate deepwater 
upwelling into a closed mesocosm system, the initial ecosystem can be characterised before a 
precisely known amount of analytically characterised deepwater is added. Climatic conditions 
within the tropics are fairly predictable compared to e.g. the climatic situation at the onset of the 
North Atlantic spring bloom. The spring bloom is highly weather-depending, as it is initiated by 
favourable light and temperature conditions. Not only the timing of the bloom can vary by 
months, also the food web structure depends on temperature development and light. 
Besides reproducible physical forcing, oligotrophic surface water as well as aged deepwater can 
be expected to have a rather constant and predictable biology (Cushing, 1989). Thus, 
reproducibility of deliberate upwelling experiments is further enhanced by food web structure in 
oligotrophic compared to eutrophic systems. Grazers specialised on large particles like diatoms, 
usually present at variable abundance within eutrophic or mesotrophic systems, are virtually 
absent in oligotrophic systems. A bloom of large phytoplankton occurring after nutrient input 
would be most likely bottom-up controlled and therefore characterised by freshly exported 
biomass at presumably variable C/N. The natural absence of benthic species in oceanic plankton 
would likely reduce effort and bias connected to wall grown biomass. 
Other in eutrophic waters, surface water gas concentrations in oligotrophic regions are usually in 
equilibrium with the atmosphere. By deepwater addition, C02 treatment levels adjusted 
according to IPCC scenarios are boosted towards stronger acidification by the naturally high C02 
concentrations in deep waters. 
4.3 Potential C02 effects on sporadic export production in oligotrophic waters 
As a general pattern from our mesocosm experiments, we observed species composition to be the 
first and most sensitive parameter to react to any perturbation within a community. The pico- and 
nano-phytoplankton nearly immediately reacted with increased growth to elevated C02 in almost 
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every experiment. Not always, however, with detectable consequences for biogeochemical 
fluxes. In the Svalbard experiment, nutrient uptake by picoautotrophs seemed to be affecting 
growth of diatoms following in the phytoplankton succession. Decreased nitrate availability 
within the high C02 treatments resulted in reduced carbon export compared to relatively nutrient 
replete low C02 treatments. Small-celled phytoplankton production at high C02 accumulated 
carbon within the dissolved organic fraction. This scenario featuring a picoplankton dominated 
surface water community confronted with a sudden nutrient input is the standard case for tropical 
upwelling events. Initially devoid of large diatoms, a C02 affected picoplankton community 
determines the growth conditions for blooming diatoms emerging after a lag phase. Also devoid 
of species grazing on microplankton, this community can be expected to export a large fraction 
of the freshly produced biomass. In earlier KOSMOS experiments, elemental composition of 
particles within complex species assemblages, co-dominated by several phytoplankton and 
zooplankton groups, was remarkably constant and close to Redfield. This was also the case in 
Svalbard during nearly the entire experimental duration, except of the last days when a blooming 
diatom-dinoflagellate assemblage became dominant. The high carbon content of those bloomers 
was presumably a result of nutrient limitation. With increasing sinking flux of fresh biomass, 
increasing carbon content in the sinking material was measured. As the ratio between 
picoplankton and blooming microplankton was C02 dependent, we could expect more fresh 
biomass to be exported at low C02. Community shifts similar to those in tropical upwelling 
events, featuring a transition from diverse picoplankton assemblages to blooming microplankton, 
are connected to airborne dust or volcanic ash input into HNLC (High Nutrients Low 
Chlorophyll) regions (Olgun et al., 2011; Hamme et al., 2010). 
Picoplankton is grazed and most efficiently packed into fast sinking faecal pellets by salps, 
appendicularians and thecosome pteropods within subtropical regions. Since the large size ratio 
of those microphages is at least 3 .5 orders of magnitude larger than their pray, carbon turnover 
time is affected most efficiently. Small particulate, usually short lived, organic carbon is directly 
passed high up the food chain or down into deepwater layers (Fortier et al., 1994; Berline et al., 
2011 ). Within two KOSMOS experiments of the recent years, we observed appendicularian 
blooms to develop fast and cause significant vertical fluxes by conglomeration of particles 
around discarded gelatinous houses. Abundance of fast reproducing pelagic tunicates is likely to 
be affected by C02 fertilised growth of picoplankton. By grazing also on free living bacteria, 
microphages could represent a link from dissolved organic carbon to export and high trophic 
levels (Urban et al., 1992), but could also promote the conservation of DOM when bacteria are 
top-down controlled. This potentially exceptional importance of microphages for 
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biogeochemical c cles in natural food webs is virtually unexplored. Strong direct detrimental 
effects of increased seawater acidity on pteropods another important subtropical food chain 
component, were already documented in a previous KOSMOS experiment (Biidenbender et al. , 
in prep.). Similar to pteropods, development and food chain effects in appendicularians can only 
be realistically investigated using large mesocosms. 
A solution to the conundrum of high nutrient input in subtropical gyres (Jenkins, 1988), currently 
not supported by observations and models of biological production (Oschlies, 2008), may be 
found by better understanding of biogeochernical dynamics during upwelling events. 
4.4 Experimental set-up for simulated upwelling events in mesocosms off Gran Canary 
Island 
The mesocosms are deployed within oligotrophic waters and left covered by a 3mm net on the 
upper and lower end to allow water exchange with the surrounding for several days. Thus 
flushed from eventual contaminations, the mesocosms are closed and volumes are measured 
using a purified salt solution. The enclosed ecosystem can now be characterised and treated to 
reach desired C02 concentrations. After documentation of the treatment effects on the 
oligotrophic ecosystem, a depth-integrated volume of 8-16m3 can be removed using a diving 
pump (Grundfoss SPl 7-5R) moving continuously up and down the mesocosm. Removal of water 
is necessary to create space for consequent deepwater addition. 
.... (II 
3 
Figure 4.3. a) Expander for compensation of ship movement. b) 
----i a Deep-sea floatation and autonomous filling mechanism. c) 80m3 
d 
flexible tank welded from fibre reinforced food grade PVC. d) 
Weight system with acoustic release unit. Drawing: M. 
Deckelnick 
The water volume transferred is measured and dosed 
exactly using a ball valve in combination with an 
electromagnetic flowmeter (Endress+Hauser Promag P50). 
Before addition, the deepwater needs to be biologically and 
chemically characterised for the full set of parameters also 
sampled inside the mesocosms. Using the same pump as 
used for water removal, deepwater can be transferred from 
the floating 80 m3 reservoir tank to the mesocosms. 
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Deepwater can be sampled using two different strategies. The custom designed pump facility, 
used for injecting the deepwater, can also be used in combination with a CTD rosette to sample 
pecific water layers of up to 400 m depth. The floating 80 m3 reservoir tank can either be filled 
using this pump or directly be lowered as deep as 900 m, where it is filled by an autonomous 
filling device (Fig. 4.3). The direct filling at depth is less time-consuming, but allows only water 
sampling from one predefined depth and not sensor operated sampling as compared to the pump. 
One of the two filling strategies can be chosen according to hydrographical conditions on site. 
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Figure 4. 4. a) Deep water sampling by filling the bag at up to 900 m depth. b) Deepwater sampling 
using the deepwater pump connected to a CTD rosette. c) Tugging of the bag to the mesocosm mooring 
site. One sampling procedure is sufficient to replace 15% of the mesocosm volume with deepwater. 
Depending on sampling depth, nitrate concentrations of up to 3 µmol/kg could be reached in each 
mesocosm. Nitrate depth distribution data are from the Canary Island Time Series ESTOC. Figure 
modified from a poster by 0. Linas and M. Gonzalez-Davila, ESTOC (2012). 
4.5 Mesocosms experiment for risk and benefit assessment of artificial upwelling strategies 
Beside the basic scientific rationale for investigating ecological and biogeochemical processes 
connected to natural upwelling events, artificial upwelling is currently attracting commercial 
interests. Geo-engineering approaches targeted to sequester biologically fixed carbon in the 
oligotrophic open ocean were proposed for mitigate rising atmospheric C02 concentrations. The 
deployment of wave driven deepwater pipes to trigger phytoplankton blooms was proposed 
(Lovelock and Rapley, 2007; Karl et al., 2008) and prototypes have been tested. By vertical 
transport of C02 as well as of nutrients, upwelling is often rather a source than a sink for 
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atmospheric C02. Biogeochemical modelling suggests carbon sequestration into deep ocean 
waters to be negligible when Redfield composition C/N/P of upwelled nutrients as well as 
exported biomass is assumed (Oschlies et al. , 2010). Side-effects of such an approach, in turn, 
may be severe. Fortunately, a ocean-wide installation of wave pipes (e.g. 1 km-2; Oschlies et al. , 
2010) appears impossible from a technical as well as from an economical perspective. Still, 
artificial upwelling is well feasible and seems to offer multiple options for economic benefit on a 
more regional basis. Deepwater nutrients can be used to fertilise the oceans as a food source and 
temperature gradients to the surface water can be used to generate energy and freshwater. 
Technical concepts on the way to realisation include: 
air-conditioning using deepwater cooling 
ocean fertilisation to increase fishery yield (Kirke, 2003) 
large scale mariculture to cover the rising seafood demand 
production of electric energy or liquid hydrogen and deionised water usmg OTEC 
(Ocean Thermal Energy Conversion) (Nihous and Vega, 1993) 
soil cooling for production of temperate crops in the tropical regions using cold 
agriculture techniques 
Technical realisations mostly combining several of the above listed technologies are illustrated 
in Fig. 4.5. 
b 
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Figure 4.5. a) Schematic representation of the ocean nutrient enhancer (www.energinat.com) b) lOOMW 
OTEC platform designed for deployment off Honolulu (www.oteci.com) c) Land based production 
facility combining OTEC energy freshwater, agriculture and mariculture production planned for Haiti. 
Many of the listed deepwater utilisation techniques seem to be rather in a state of realisation than 
development. Deepwater cooling of urban air-conditioning is practiced since decades and the 
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first lOMW OTEC power plant is about to be constructed (Lusk, 2013). Deliberate 
eutrophication of oligotrophic tropical coastal waters evoking intuitive denegation by marine 
ecologists is presented as a "green" strategy for self-sustained renewable energy and food supply 
for the developing world. The Haitian "Energinat" cooperation, supported by several 
international companies among others Lockheed Martin, a large US armaments concern, 
concludes on its homepage (www.energinat.com): 
"Jn our opinion the sustainable socioeconomic development of Haiti can only take place in a 
harmonious, secure and politically stable environment and will not happen unless Haitians 
exploit their deep ocean water resource - the nation 's most valuable natural energy resource 
and its inexhaustible marine gold mine. THERE JS NO ALTERNATIVE. THERE JS NONE. " 
Possible ecological risks of eutrophication such as toxic algal blooms or coral reef destruction 
spontaneously coming to mind are not discussed. Plans to cover energy requirements of Hawaii 
by offshore OTEC presented by OTEC international LCC (www.oteci.com) appear somewhat 
more down to earth. Here, potential ecological impacts of artificial upwelling are discussed in 
the FAQ section as "potentially increasing the food source for surrounding marine live". A 100 
MW plant five miles off Honolulu is planned. 
Offshore OTEC in combination with mariculture could be a promising strategy to cover a rising 
demand for renewable energy and quality food. At the same time it could provide a perpetual 
source of income to less developed coastal nations that are otherwise poor in resources. 
Governmental funding of research on tropical upwelling events seems probable as mesocosm 
experiments could help to provide a data basis for risks and benefit estimates of such approaches, 
which would help policy makers to create a legal basis for sustainable use of marine engineering. 
A pilot study employing free drifting KOSMOS mesocosms was successfully conducted in the 
Pacific off Hawaii in 2011. Scientific capacity building in less developed countries such as Haiti 
could improve on-site abilities to judge the installation of unapproved technologies in their local 
coastal waters. 
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befassen, sie zu begreifen und rechnerisch so zu erfassen, dass sie dann so funktionieren wie 
angedacht. 
Jassi hat mich lieb und halt mir den Rilcken frei, mehr als ich es verdient hatte, denn Familie ist 
im Grunde die wichtigere Verpflichtung. Sie ist Wochen und Monate allein Zuhause, zuerst 
schwanger undjetzt mit Baby. Trotzdem ist sie stark genug, um sich auch noch meine Probleme 
anzuhoren, mir zu helfen, mich aufzubauen. Und meine kleine Tochter Paulina, noch nicht mal 
ein Jahr, ist durch ihre unverfalschte Lebensfreude eine wichtige Energiequelle fiir mich. 
Die Listen der Autoren auf unseren Publikationen sind lang. Mit den allermeisten war es eine 
Freude zusammen zu arbeiten oder zusammen zu forschen. Ich bin allen zum Dank verpflichtet, 
einige will ich aber hier hervorheben. 
Zu allererst Andrea. Mit ihr habe ich die meisten Expeditionen untemommen. Sie ist 
unersetzlich. 
Ich danke Tim, da ich und wahrscheinlich auch sonst niemand die Geduld gehabt hatte, 
vergleichbare Ansprilche an Prazision in der Sedimentanalyse zu erfiillen. 
Von Kai Schulz habe ich im wissenschaftlichen Bereich am meisten profitiert. Er hat sich immer 
die Zeit zum Diskutieren genommen, wenn man bei ihm ins Buro gestolpert ist. Auch beim 
Rotwein morgens um fiinf, konnte man noch etwas lemen. 
Wo ich gerade bei den Mentoren bin ... Joana hat mich gepragt! 
Danksagung 
Wenden wir uns der technischen Seite zu: Uwe und Klaus verkorpem den wissenschaftlich-
technischen Erfahrungsschatz, von dem ich sehr profitiert habe. 
Ronald ist hervorzuheben, er ist so etwas wie der ,, Jedi-Meister des Hammers und der 
Schraube". Ronald kann alles und zeigte es auch geduldig jemandem mit so beschranktem 
technischen Grundwissen wie mir. 
Detlef ist von entscheidender Bedeutung, weil er mit Liebe zum Detail konstruiert hat. Ihm 
haben wir ,,das deutsche" an unseren Mesokosmen zu verdanken, das was sie von denen der 
Franzosen, Griechen, Norwegem und Kanadiem usw. unterscheidet. Ich hoffe, das geht uns nicht 
verloren, jetzt wo er im Ruhestand ist. Detlef hat auch die meisten technischen Zeichnungen in 
dieser Arbeit angefertigt. Er zeichnet immer noch fiir mich, obwohl er es vorzieht, es aus 
gebilhrender Distanz und dafiir aber ohne Bezahlung zu machen. Angekommen in der 
Gegenwart, danke ich Mario, Ralf und Ralf. Vom geduldeten Bittsteller habe ich mich im TLZ 
zu demjenigen entwickelt, der schuld ist, wenn die Mesokosmen nicht funktionieren. Ich muss 
deshalb bisweilen den Chef spielen, das kann ich (noch?) nicht so gut und ich muss mich fur die 
Geduld bedanken. Des Weiteren bedanke ich mich fiir lebhafte Diskussionen, nicht nur ilber 
Technik. 
Besondere Freunde und Kollegen sind naturlich alle unsere Taucher! Wir haben zusammen 
gefroren und gekampft! Jan, Matze und Sebastian, aber auch alle die spater dazukamen, ihr seid 
die besten, jeder auf seine eigene unterschiedliche Art! 
Benni und Gerd, ihr habt einen ganz besonderen Dank verdient, weil ich mit euch mal ilber 




Hiermit erk.la.re ich an Eides statt, dass die vorliegende Dissertation, abgesehen von der Beratung 
durch meinen Betreuer, nach lnhalt und Form meine eigene Arbeit ist und ich keine anderen als 
die angegebenen Quellen und Hilfsmittel verwendet habe. Ferner versichere ich, dass die 
vorliegende Dissertation weder im Ganzen noch zum Teil einer anderen Stelle im Rahmen eines 
Prlifungsverfahrens vorgelegen hat und unter Einhaltung der Regeln guter wissenschaftlicher 
Praxis der Deutschen F orschungsgemeinschaft entstanden ist. 
Kiel, den 
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